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SUM M ARY
In Europe, clay roof tiles are manufactured by pressing in ‘open’ moulds whereas in 
South East Asia ‘closed’ moulds are commonly used. The European products are more 
complex, having a greater degree of detail. Closed mould pressing could, however, be 
advantageous as it would minimise scrap recycling but the products would need to have 
equivalent or superior durability to existing tiles. The aim of this work was to investigate 
the feasibility of using a closed mould for the manufacture of European tiles by examining 
the relationship between the type of pressing and subsequent durability, in terms of 
resistance to repetitive freeze-thaw cycles.
One specific clay type, the Marseille rose blend, was investigated over a range of 
forming water contents. Preliminary data relating to plasticity and friction were obtained 
through an empirical (Pfefferkorn) plasticity test, uniaxial compression of cylinders and 
friction ring experiments. Clay cylinders containing 16-21 wt % water were deformed at a 
compression rate of 240 mm/min. The yield stress was found to increase with decreasing 
moisture content. The plastic ranges of the stress-strain curves were well represented by a 
plastic deformation equation of uniaxial compression under sticking friction conditions.
A laboratory-scale pressing rig was designed to make profiled specimens which would 
reproduce the essential features of a European tile. Comparison of the microstructures of 
the laboratory and factory samples showed that there was sufficient resemblance to validate 
the replication of the Marseille products in the laboratory tests. Bats of three moisture 
contents of 16.4, 18.4 and 20.6 wt % and different geometries were pressed in open, 
partially closed and closed rubber lined resin moulds in a mechanical testing machine using 
a cross-head speed of 240 mm/min. This was lower than a typical pressing operation but 
the speed of pressing had been found to not be a significant variable over the range 
commonly encountered. Clay was trapped in the features as the mould closed and flowed 
mainly within the flat part of the samples during pressing. For the open and partially closed 
moulds excess material was extruded through the gaps at the sides, a process referred to as 
flashing. The shape of the load-displacement curves was characteristic of the stages of the 
pressing process. The stress-strain curves for the pressing in open moulds showed good 
qualitative agreement with the results from uniaxial compression of cylinders.
The open porosity of the samples after firing was strongly related to the forming 
moisture content of the clay with the open porosity increasing with increasing water 
content. Comparison of extruded bats and pressed bars showed that the influence of the 
pressing processes was not significant. Likewise, in freeze-thaw testing, the effect of the 
moisture content was again the overriding parameter, with acceptable durability always 
being obtained from the lowest open porosity samples. Given the marginal differences, the 
pressing processes investigated in this study were assumed to be equivalent in terms of the 
quality of the samples produced. Thus, closed mould pressing is feasible but does not lead 
to product improvement and hence may not be economically viable.
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d diameter of the sample (external diameter of ring)
do initial external diameter of the sample
di internal diameter of ring
djo initial internal diameter of ring
f generalised friction factor
g acceleration due to the gravity
h instantaneous height of the sample
ho initial height of the sample
hf final height of the sample
k yield strength in pure shear
1 instantaneous length of the sample
lb length of the bat
lg length of the green tile or sample
m constant friction factor
p stress normal to the interface
s width of the pore size distribution
t instantaneous thickness of the sample
tb thickness of the bat
tg thickness of the green tile or sample
v equilibrium sedimentation velocity of the particle
Wb width of the bat
wg width of the green tile or sample
A cross-section area
Ae area, on which the force acts, on the slip planes
F force or load
Fe force on the slip planes
Ip Atterberg plasticity index
Kv coefficient of permeability from Darcy’s law
Lw Atterberg liquid limit
vii
Mb weight of the bat
Md weight of the dry sample
Mg weight of the green sample or tile
Mh weight of the sample immersed in mercury
Mi weight of the sample after immersion for 48 hours
Mw weight of the absorbed water after immersion for 48 hours
Pm mean pressure on the compression plate in the axial direction
Pw Atterberg plastic limit
^  Reynolds number
Ri ratio of the uniaxial compression stress at 30 % deformation for sets at 16.8 ±
0.1 and 18.7 ±0.1 wt % moisture content 
R2 ratio of the uniaxial compression stress at 30 % deformation for sets at 18.7 ±
0.1 and 20.5 ±0.1 wt % moisture content 
Rf tensile strength perpendicular to the extrusion direction of the product
Rpi ratio of the plane strain compression stress at 30 % deformation for sets at 16.5 ±
0.3 and 18.4 ± 0.3 wt % moisture content 
Rp2 ratio of the plane strain compression stress at 30 % deformation for sets at 18.4 ±
0.3 and 20.7 ± 0.3 wt % moisture content 
SG frost sensitivity
WABS water absorption coefficient 
X feature closer to the centre of the bar
Y feature at the very end of the bar
a  real contact area ratio
X flash
8 diameter of the spherical particle
£ true strain in uniaxial compression tests
8pC true strain in plane strain compression (during the pressing tests)
(j) porosity
(j)0 open porosity
T| viscosity of the fluid medium
p constant Coulomb’s coefficient of friction
viii
density of the particle
density of the fluid medium
bulk density of the fired sample
density of mercury
true stress in uniaxial compression tests 
uniaxial compressive stress corresponding to 2 % deformation 
uniaxial compressive stress corresponding to 30 % deformation 
true stress in plane strain compression (during the pressing tests) 
plane strain compressive stress corresponding to 30 % deformation
uniaxial compressive yield strength 
shear stress
friction stress at the interface
angle of the slip plane to the compressive axis
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Chapter I - INTRODUCTION
i. IN T R O D U C T IO N
1.1. B A C K G R O U N D  T O  T H E  T H E S I S
Although the last few decades have seen the emergence of numerous ‘modern’ non- 
ceramic building materials, clay products have nonetheless retained a high degree of 
popularity. After 4000 years, clay, as a structural element, has lost none of its importance 
and attractiveness. Clay products can be made in many shapes or forms. The base material 
is highly plastic and thus can be formed into the elements required by architects and 
engineers for their modern structures.
The principle of using fired clay tiles for roof covering and the forms of tile employed 
have scarcely changed from those used in ancient Greece. The Romans took over most 
forms of Greek roof tiles. They also produced a large number of tile shapes, culminating in 
the curved interlocking tile. One feature common to all the Roman tiles so far discovered is 
that they were quite large and about 2-3 cm thick. In the technology of Roman brick and 
tile making, the clay body was usually prepared thoroughly and, if necessary, sand was 
incorporated as an opening agent to avoid cracks during drying and firing. The bricks and 
tiles were produced only in spring or autumn, as in summer the surface dried out too 
quickly and this was liable to cause frequent cracks and other defects. Firing was 
performed in traditional wood-fired kilns.
During subsequent centuries, people tried to replace the heavy manual labour involved 
by using water power, horses, oxen and steam engines. The traditional technique of shaping 
tiles by hand continued until the end of the 18th century, after which time evolving 
technology began to be applied. In 1827, Cundy constructed a machine for pressing 
individual units from a clay slab. Other machines of this type also include those of Bosq 
(1829), Vivebert (1831) and that of Bosfort (1844), which simultaneously applied 
decoration to the tiles. It was not until the invention by Carl Schlickeysen in 1854 of the 
screw conveyor for transporting plastic masses, however, that the way was open for the 
development of a viable brickmaking machine. Schlickeysen’s screw extruder for shaping 
the clay formed the basis of the highly sophisticated brick and tile industry today. The 
rotary inventions of Schlickeysen therefore first made brick and tile production possible on 
an industrial scale. Brick and tile production ceased to be a minor branch of the rural 
economy and became an industry in its own right, the so-called heavy clay industry. The
1
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state-of-the-art for the heavy clay industry, at the beginning of the 1980’s, came with 
advances in the development of machines for clay extraction and preparation; the 
introduction of vacuum de-airing extruders; automatic presses for tiles; and tunnel kilns 
(Handle et al., 1982).
Nowadays, most European clay tile plants are operating with this technology although 
a ‘closed mould’ process seems to be the main forming technology used in South East 
Asia. In Europe, clay roof tiles are made from a clay mix mechanically extruded only or 
extruded in bats and mechanically pressed, dried in successive chambers at different 
relative humidities and temperatures and fired in programmed kilns. The compression of 
the clay bat is necessary to initiate the flow in order to form the product. Besides, this 
compaction increases the mechanical strength of the tiles. Sometimes decoration, such as 
engobe or glaze, is applied before or after drying. Lastly, a silicone coating is sometimes 
applied and the tiles are packaged. During all these manufacturing stages, defects of 
different types can arise. Typically, there are defects from the mechanical deformation 
during the preparation and forming stages or defects from drying and firing. Sometimes 
defects are not visible to the naked eye but tiles can still suffer damage during freeze-thaw 
tests, i.e. they are not frost resistant.
One of the major manufacturers of clay roof tiles is the Lafarge-Braas group which has 
160 plants in 21 European countries. In common with other manufacturers, there are two 
issues that are of concern to Lafarge-Braas: the link between pressing, generation of defects 
and subsequent performance, and the minimisation of scrap recycling. The main aim of the 
current study is to investigate these issues so that ultimately the feasibility of a ‘closed 
mould’ process can be estimated. It was, however, recognised that it would not be possible 
to undertake a comprehensive investigation of a number of clays and pressing regimes, 
hence a single clay mix (Marseille) and mould type (rubber lined resin) were selected. In 
order to achieve the main aim, several intermediate objectives were planned. These were 
the design and development of a two-dimensional pressing rig, experimental validation of 
the rig to reproduce the works conditions and products, the assessment of the influence of 
parameters, such as water content and pressing characteristics on pressing in both open and 
closed mould configurations and measuring susceptibility to frost damage.
2
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1.2. S T R U C T U R E  O F  T H E  T H E S I S
After this introduction, background knowledge relating to clay and the heavy clay 
industry as applied to roof tile manufacturing is addressed in Chapter 2. The literature 
review also deals with pressing defects and durability of pressed clay roof tiles, followed 
by aspects of the plasticity of clay pastes. In order to further define the industrial problems 
associated with the manufacture of clay roof tiles, at the start of the project a visit was 
made to the Lafarge Couverture Marseille works and the findings are presented in Chapter
3. The materials that were used for this study are characterised in Chapter 4, followed by 
the sample preparation for the pressing experiments and the thermal treatments of the 
pressed bars. The design, optimisation through preliminary tests, and validation of the 
pressing rig used for this study is then addressed in Chapter 5.
Uniaxial compression of cylinders and rings was used to gain preliminary information 
relating to the plastic deformation and friction behaviour of the clay. This work is 
presented in Chapter 6. Results from the pressing made using the laboratory-scale pressing 
rig are given in Chapter 7. Aspects of the durability of the pressed samples are then dealt 
with in Chapter 8. Lastly, conclusions from the current work, recommendations on how the 
findings of this study might be applied to the Marseille works and suggestions for future 
work are presented in Chapter 9.
3
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Chapter 2 - LITERATURE REVIEW
2  L IT E R A T U R E  R E V IE W
2 . 1 .  I N T R O D U C T I O N
This study is concerned with aspects of clay flow relevant to the pressing of roof tiles. 
Hence, this review covers four main areas: the raw material, matters pertaining to 
manufacture, suitability for purpose, i.e. resistance to frost, and deformation of clay. The 
first three of these are related to the industrial relevance of the project and the last is 
concerned with developing an understanding of the processes which may be occurring 
during pressing.
2 .2. S T R U C T U R E  O F  C L A Y S
2.2.1. MACROSCOPIC COMPOSITION
Clays are the decomposition products of rocks and are a mixture of the residual 
minerals that occurred in the parent material, together with new minerals, that may be 
formed during the weathering and decomposition process. Clays can also be formed by the 
decomposition of existing sedimentary deposits. Two main types of clay exist: primary or 
residual, and secondary. Residual clays are found where they are formed by weathering, 
such as the china clays of south-west England, whereas secondary clays are transported 
from the original site by water, glaciers or wind and are deposited in an area away from 
their formation (Velde, 1992).
Clays consist primarily of hydrated aluminium silicates. The most commonly 
occurring groups are the kaolinite group, the clay mica group and the smectite group. 
Mixed-layer minerals containing chlorite, are of secondary importance. The major feature 
of clays is their ability, when wetted, to be formed into shapes and to retain that shape 
when the forming force is removed and then, when heated to high temperature, to fire to a 
hard stone-like mass (Worrall, 1986). Kaolinites are typically used, for example, in 
whiteware, paper, paints or drugs, whereas clay micas are mainly used to make bricks, tiles 
or pipes and smectites are mostly used as absorbing media because of their swelling 
properties (Murray, 1991; Prasad et al., 1991; Potter et al ,  1996).
5
Chapter 2 - LITERATURE REVIEW
The raw materials most used in the manufacture of heavy clay products are clays and 
opening elements. The different types of clay mixes used in the heavy clay industry are 
rather impure, i.e. they always contain some silica and may contain some amount of iron 
oxides, titanium oxide, calcium oxide, magnesium oxide, alkaline oxides, sometimes 
manganese or strontium oxides and organic materials. The main ‘impurity’ in clay is 
calcium carbonate.
Most clays contain a large percentage of particles small enough to have colloidal 
properties. The finest portion contains the clay colloids which are responsible for the 
plasticity when mixed with water. The coarser part of this fine material consists of granular 
material while only a very small amount is colloidal - the pure kaolinite and smectite clays 
are made from minute plate-like structures. A high content of fine particles is characteristic 
of very plastic clays, and has a direct relationship to their working properties. It is 
sometimes accompanied by an excessive degree of plasticity which renders a clay ‘sticky’ 
and difficult to work. Other important factors in plasticity are the amount, size, size 
distribution, shape and character of the granular material, and the amount and character of 
soluble salts.
The influence of the fineness of a clay is not limited solely to its plasticity, but extends 
to other properties, namely, drying behaviour, drying shrinkage, warping, tensile or 
transverse strength and bonding strength. It is the usual practice to mix these clays with 
coarser materials such as sand which overcomes some of the difficulties. If two clays with 
different degrees of plasticity are compared, the more plastic one requires more water to 
make it workable and the loss of water in the drying operation takes place more gradually, 
because of the very extensive capillary system and also a greater shrinkage occurs 
(McNamara, 1946; Cahners, 1986).
2.2.2. MICROSCOPIC DETAILS
2 . 2 . 2 . 1 .  Clav/water sys tems
The average size of clay platelets is about 1-2 pm with a thickness of, at most, a few 
hundreds of angstroms. When agglomerated the clay particles are linked by electrostatic 
forces, due to their surface charges. Thus the dry clay appears like a hard stone-like rock. 
Adding water to it disturbs the electrostatic equilibrium and breaks the links. This enables 
the platelets to slide over each other, separated by a thin water layer. When clay is
6
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thoroughly mixed with less water than needed to make a fluid slip, it acquires a pasty 
consistency. A mix of this consistency can be made either by mixing ground dry clay with 
sufficient water or by removing some water from a clay slip. It is usually possible to 
distinguish two proportions of water at which there is a definite change in the properties of 
the clay paste. As it dries to the first change-point (the higher proportion of water), the clay 
paste first becomes sticky and adheres to the fingers or surface on which it rests. At the 
second (the lower proportion), the clay paste takes on the character of a powder and will 
barely hold together; this, however, is dependent to some degree on the pressure used to 
make the mass cohere. Between these two limits, clay is in the plastic state and can be 
moulded by hand or by machine. Clays differ in the ease with which they can be moulded. 
The plastic clays usually have a wide difference between the upper and lower plastic limits 
whereas the clays of low plasticity have a relatively small difference between the two limits 
(Clews, 1969). The factors controlling the properties of clay materials may be classified as 
follows: clay mineral composition, non-clay mineral composition, organic material, 
exchangeable ions and soluble salts, particle size distribution and water content (Grim, 
1962).
2 . 2 . 2 . 2 .  Laver  structure
A clay mineral is an aluminium silicate. The two fundamental atoms - silicon (Si) and 
aluminium (Al) - constitute the skeleton of the crystal lattice. Si and Al atoms are in the 
centre of simple geometric figures of which the vertices are occupied by oxygen atoms. 
Each silicon is surrounded by four oxygen atoms forming a regular tetrahedron. Al atoms 
are the centres of regular octahedrons and are surrounded by eight oxygen or hydroxyl 
groups (Figure 2-1). Silicon and aluminium layers alternate. The elementary structure of a 
clay may be of two types: two- or three-layers (Grim, 1968).
7
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Q  ** Q  »  Oxygens
(b)
O  and #  ”* Silicons
(a)
( 3  and y )  ~  Hydroxyls £  A lu m in u m s , m agnes ium s, e tc .
Figure 2-1: the fundamental elements o f  clays structures.
Kaolinite is a two-layer clay, that means only one Si- and one Al-sheet are stacked one 
on the other, constituting the so-called T -O ’ clay layer (Figure 2-2). There is an interlayer 
space between every ‘T-O’ layer.
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In most of the clay minerals the elementary unit comprises three associated sheets: two 
Si-sheets surrounding an Al- one. This is the case of clay micas and smectites. This layer is 
said to be of ‘T-O-T’ type (Figure 2-3). The interlayer space is often occupied by other 
cations or by water molecules. For example, in clay micas, evenly distributed atoms of 
potassium (K) make liaisons, or bridges, holding the units together. In smectites, water 
molecules and other cations play the same role. The interlayer space between two 
successive Si layers is 7 A in kaolinite, 10 A in clay mica and this gap varies between 10 A 
and 16 A in smectite depending on the cations types and the amount of water (Triat, 1982; 
Grim, 1968).
Figure 2-3: the structure o f smectites, i.e. the ‘T-O-T’ layer.
9
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2.3. M A N U F A C T U R E  O F  C L A Y  R O O F  T I L E S
2.3 .1 . SHAPING METHODS FOR CLAY ROOF TILES
2 . 3 . 1 . 1 .  Extrusion
In practical terms, there are two kinds of clay roof tile: the so-called extruded roof tile 
and the pressed, or embossed, roof tile. Extruded roof tiles are produced on horizontal de­
airing augers and pug augers equipped with the appropriate dies and cutters. De-airing 
occurs while passing through the extruder and is intended to improve the cohesiveness of 
the body. Although extrusion is used for the manufacture of finished products it is also 
used for unworked pieces that only later take on their final shape in roof tile presses. All 
extruded tiles exhibit a smoother finish than tiles pressed in moulds (Handle et al., 1982).
2 . 3 . 1 . 2 .  Typical European pressing ancl presses
To produce pressed tiles, the clay batch is de-aired and extruded, and the column cut 
into bats of appropriate size for the tiles to be pressed. The amount of material of the bat is 
generally 19 % to 55 % more than the amount needed for the tile itself. This excess 
material is inherent in the process and necessary in order to completely form the tile. The 
plastic clay bat is placed on the fixed lower part of the mould and the upper mould forms 
the tile between the two parts. The moulds are generally made either of plaster, metal, or 
resin with a rubber lining. The press stroke stops at a fixed position allowing a gap of about 
4 mm between the upper and the lower mould. The excess material from the bat flows over 
the mould edge strips through this gap. This phenomenon is named ‘flashing’ and the 
percentage of excess material flowing out of the mould is referred to as the ‘flash’. Rapid 
removal of the pressed piece is achieved by forcing compressed air through the bottom 
mould while holding a vacuum on the upper mould until the press is opened. For a plain 
press, the pure pressing time, i.e. counted from the point in time at which the clay begins to 
flow, amounts to about 1.7 seconds for 16 pressing strokes per minute, 2.2 seconds for 14 
strokes per minute and 1.3 seconds for 20 strokes per minute. Investigations have shown 
that a pressing time of 1.5 seconds is the absolute limit for most types of clay with regard 
to flawless flow. Shorter pressing times lead to disturbances in material flow, i.e. the 
material begins to roll.
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Nowadays, there are two common kinds o f presses for mass production: revolver 
presses (Figure 2-4) in which the forming pressure is produced either mechanically by 
eccentric cam action or hydraulicaliy; and turntable presses in which tiles are formed by 
hydraulic pressing. Hydraulic revolver presses were developed in order to obtain a freely 
programmable pressing system with flexible pressing characteristics relating to the tile 
model, working clay body, mould material and number of cycles. In these presses the 
required pressure is applied via hydraulic cylinders. The infinite flexibility of this system is 
due to a computer aided change in the valve setting. The use of such presses is only just 
beginning (Bender, 1998; Dettmer, 1995; Ulrich et al., 1997; Bongioanni, 1995).
Figure 2-4: a revolver press.
The special-purpose turntable presses are also employed in shaping accessory roof tiles 
such as verge tiles, ridge tiles, under-ridge tiles, eaves tiles, venting tiles and wall junction 
tiles, as well as any other non-standard tiles. With certain models, however, such a high
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output is obtained, from at least 12 strokes per minute, that they can also be used for mass 
production. Yet, there are a few clay roof tile works which operate exclusively with 
turntable presses (Bender, 1998; Sauer et al., 1998; Ulrich et al., 1997; Schreiter et al., 
1997). However, new trends in shaping seem to be envisaged for tile pressing in Europe, 
such as half-closed or closed moulds as used in South East Asia (Bauverlag, 1994; 
Dettmer, 1995; EP 0 732 461 A l, 1996).
2 . 3 . 1 . 3 .  ‘J a p a n e s e ’ c losed mould  pressing and presses
In the South East Asia, clay roof tiles are pressed in so-called ‘closed’ metal moulds. 
This means that contrary to the European pressing process, there is no gap between the 
lower and upper mould when the pressure is applied. Typical moisture content of the bats 
is about 18-20 wt % dry basis, which is similar to the average water content for European 
tiles when pressed with resin and rubber sheet moulds, and lower than generally used for 
European bats when pressing with plaster moulds (typically 22-30 wt % dry basis). It may 
be possible to press at 16-17 wt % dry basis but mould life is said to deteriorate quickly 
due to increased mould wear. The clay is stiff extruded in a preform to near net shape, from 
which bats are cut of the same amount of material as the tiles. Due to the size of the bat, the 
pressing operation does not lead to significant clay flow or flash. It is just used for 
compaction and for forming some features (typically nibs). Waste from pressing with 
closed metal moulds is not necessarily nil; there is no flash from the edges of the tile, but 
there is a small piece cut out from the corner of the typical J-tile. This little wastage of clay 
greatly reduces electricity consumption in the processes before pressing.
In Japan a two-stage pressing operation is necessary to achieve the sharp, well-defined 
edges and features that the market there requires. There are two ways in which this can be 
done. The first, which is the less favourable, is to have two presses, one after the other. The 
second is to have both sets of moulds in one large press. There is also no experience of 
plaster moulds in Japan. All the moulds are made of casting steel. Green tile removal is 
achieved by use of compressed air at the lower mould and an oi 1-mix lubricant at the upper 
mould (either applied to the mould or to the bat). Furthermore, in the experience of the 
Japanese press manufacturers, electroshock (cf. 2.3.2.4) does not work to aid the release of 
the tiles (Takasago, 1993).
Nowadays there are several types of presses available for closed mould shaping of roof 
tiles in Japan among which, swivel beam presses in which tiles are formed by hydraulic-
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toggle pressing and anvil presses in which the forming pressure is produced either 
mechanically or hydraulically are the two main kinds of presses for mass production. 
Japanese press manufacturers believe that it might be possible to produce more 
complicated profiles with closed metal moulds but they would be unwilling to develop 
such new moulds because of the investment involved and the small quantities that would 
be needed. Nevertheless, a factory in Germany, based upon Japanese technology, is now 
using closed metal moulds in a single three-mould press for the production of tiles, which 
profile is very similar to the Japanese J-tile (Takasago, 1994; Thompson, 1996; EP 0 732 
461 A l, 1996).
2.3 .2 . MOULDS FOR PRESSED INTERLOCKING TILES
2 . 3 . 2 . 1 .  In troduction
The selection of the type of mould to be used is dependent on the working clay body. It 
should be noted that defects arising in any stage of the processing prior to the shaping of 
roof tiles cannot be rectified by the pressing stage. The possibility of lamination and air 
inclusion in the plastic body must be taken into consideration. The shape and volume of the 
bat, including the required excess material (except for closed mould), are also important. 
Pressing can be achieved in moulds made from plaster, resin with a rubber sheet, or metal 
(Schafheutle, 1982).
2 . 3 . 2 . 2 .  Plaster  l ined moulds
Plaster lined porous moulds consist of a base made of a cast aluminium alloy with 
chrome nickel steel edge strips and a cast plaster matrix made of a specifically prepared 
mould gypsum or plaster of Paris paste. The quality of the gypsum employed in making the 
lining is of decisive importance. Soft bodies lend themselves best to pressing in moulds 
with plaster pressing faces. Extra pressing accuracy can be achieved by providing a means 
of extracting the squeezed out water from the top mould (which is the usual site of the face 
of the tile). Full vacuum should be provided for extracting the water. In order to reduce the 
disadvantage of the short service life of the plaster linings due to wear, some manufacturers 
have gone over to making plastic-bonded hard-moulding gypsum. The key issue is to 
determine the maximum proportion of gypsum that will yield a long service life without
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causing removal problems. Smooth production depends to a large extent on a consistent 
quality of gypsum, precise adherence to the proper water/gypsum mixing ratio, and good 
mixing under vacuum conditions. As long as the gypsum is well suited to the raw material, 
the results are favourable. The porous plaster lining is able to absorb air and squeezed out 
water. When the forming pressure drops off at the end of the pressing cycle, the compressed 
air and the water present in the pores of the lining re-emerge and facilitate separation from 
the mould. Plaster moulds permit the formation of high quality interlock features. The 
disadvantages of plaster linings are their short service life, the work involved in replacing 
them and the mould shop they require, and thus the extra costs of manufacture (Lepsien et 
al., 1997).
2 . 3 . 2 . 3 .  Rubber l ined moulds
As early as 1950, some moulds were provided with a thin (approximately 1 mm to 1.5 
mm thick) sheet of rubber lining. The body of the mould underneath the lining is made of 
aluminium or grey cast iron alloy with an intermediate cast resin layer (Figure 2-5) which 
has a very long service life.
Figure 2-5: a mould with resin inlay for use with rubber film or rubber membrane.
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Rubber lined moulds are in order as long as the moisture content of the bat can be 
adapted to fit the circumstances, i.e. when the moisture content is not more than 22 wt % 
dry basis. Compared to the case of plaster moulds, sharp feature edges are unattainable. 
The higher the moisture content of the clay the coarser the texture of the rubber lining must 
be to allow release of the tile. As the moisture content is reduced, the texture can become 
finer, until a smooth surface becomes possible. In the case of the lower mould, the rubber 
lining is clamped under the edge strips and held back against the resin by vacuum suction 
through small, drilled holes. In the case of the upper mould, the rubber fabric is held over 
the resin surface of the mould. The main precondition is a lower moisture content than in 
the case of plaster moulds. The anti-adhesive effect and elastic deformation, together with 
the air trapped in the minute textural pattern of the lining are responsible for easier 
removal. The rubber lining expands during pressing and then returns to its original 
position, thus serving as the source of slippage.
The service life of the rubber linings can be prolonged by vulcanising them to nearly 
the same shape as the tile. But only time will tell whether the expensive vulcanised moulds 
will pay for themselves as any subsequent modification would also involve high costs, 
since not only the moulds would have to be changed, but the vulcanised membrane as well.
Rubber moulds are especially popular in the Mediterranean area, where clay roof tiles 
with rounded feature edges are accepted by the market (Lepsien et al., 1997).
2 . 3 . 2 . 4 .  Meta l moulds
Metal moulds can be used for clays of 18-24 wt % dry basis water content. The clay is 
pressed directly onto the cast chrome nickel steel moulds (Figure 2-6). An important 
prerequisite is that a metal detector be installed on the bat feeder in order to identify and 
eliminate metal inclusions of any appreciable size. Pyrite inclusions in the raw material 
must be comminuted to a harmless grain size. In the case of metal moulds, the tile model 
has to be modified (Lepsien et al., 1997). Design of features should be used to direct the 
flow of clay into the features showing ‘fold’ surface defects and a wide, shallow bat with 
only a slight amount of excess volume is advisable. The bat should not be subjected to 
much more than a slight embossing. Easy removal is achieved by lubricating either the bat 
to be pressed or the moulds in which this is done. Such systems are dependent upon a 
supply of suitable grease, oil or other highly volatile parting compound that will not have 
an excessively adverse effect on the drying time.
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Figure 2-6: a metal mould for direct pressing (electroshock release).
Steel moulds with electroshock can also be used (Rieter-Werke, 1966). This pressing- 
mould system was first introduced in 1967. The steel alloy used for the moulds must be 
resistant to direct-current corrosion. The electroshock causes the water to undergo electro- 
osmotic migration to the negative pole (the compression face of the mould), where it is 
electrolysed. This results in gas cracking, which totally nullifies all adhesion between the 
compact and the compression face of the mould. The opposite compression face serves as 
the positive pole towards which the solid clay particles migrate as a result of cataphoresis: 
this reduces the water content and prevents sticking. The poles can be reversed during 
pressing in order to regulate the moisture of the compact.
2 . 3 . 2 . 5 .  Closed metal moulds
Closed metal moulds as used in South East Asia are less well known, but this method 
for the manufacture o f pressed clay roof tiles seems very similar to the European pressing 
method. Though there is still a two-part mould, the moulds are equipped with edges such as 
to make a box when the top one is lowered to its end position. Figure 2-7 illustrates such a 
mould. The edges in the length of the tile are on the bottom mould, the others (in the width 
direction) are on the upper mould.
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Figure 2-7: a closed mould on a Japanese press.
2.3.3. COMPARISON OF THE DIFFERENT PRESSING PROCESSES
In this study, the terms ‘plaster pressing’, ‘rubber pressing’, ‘metal pressing’ and 
‘closed mould pressing’ will be used, regardless o f the type of press. It should be noted that 
no process is better than the other and that all of them have some advantages and 
disadvantages. Some differences when using these processes are presented in Table 2-1 
(Thompson, 1997).
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Table 2-1: some characteristics o f the pressing processes.
Plaster Rubber Metal Closed Mould
Bat water content 22-30 17-22 18-24 18-20
(dry basis) wt % wt % wt % wt %
Flash required 33-55 % 19-33 % - 3 0 % None
Thickness 
of the tile
Increasing 
(mould wear)
Constant Constant Constant
Surface finish 
of the tile
Smooth Textured 
(rubber sheet 
roughness)
Smooth 
(rougher than 
plaster pressed)
Smooth
Profile of High and Medium and Shallow and Shallow and
the features sharp rounded off rounded off rounded off
Upper mould life 2 h 1-2 weeks 9 months 6-12 months
Lower mould life 8 h 1 week 2 years 6-12 months
Correction of Easy Easy Expensive Expensive
the design of (on master (on master (need new (need new
the tiles mould) mould) mould) mould)
Presses and moulds 3.53 1.26 2.31 1.32
investment costs million DM million DM million DM million DM
Moulds 60.4 11.9 17.8 12.3-16.8
revenue costs DM/1000 tiles DM/1000 tiles DM/1000 tiles DM/1000 tiles
Production in rubber mould, metal mould, or closed mould, is impossible with soft 
clay, whereas it is impossible to use stiff clay in plaster moulds. The water content is thus 
an important technological factor in pressing. Moreover, it influences the wear of the 
mould. Typically, plaster moulds have a very short life time, metal moulds and closed 
metal moulds wear slower than plaster whereas rubber moulds suffer almost no wear. The 
wear of the mould is due to friction of the clay material against the surface of the mould 
during flashing. Therefore closed moulds have a very long life time, because there is no
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significant flash whereas, in the case of a rubber mould, the mould surface is protected by 
the rubber membrane which has a low wear rate (and is very easy to replace). The wear of 
the mould is a consistent problem as not only the surface finish of the tile is altered but also 
the tile thickness increases progressively. Due to their very short life, plaster moulds have 
to be replaced frequently, resulting in a production loss and create the need to have a 
‘plaster shop’ which incurs additional manning and equipment, making plaster mould 
works the most expensive. Rubber moulds give the lowest operating costs.
2.3.4. THE PRODUCTS
2 . 3 . 4 . 1 .  Introduction
The roof of a house has two major functions. First it is a protection against the weather 
conditions, and secondly, in most cases, it is also a decisive aesthetic factor, hi order to 
accommodate the different climatic conditions all over the globe, a roof will have to be 
well ventilated but also leak proof and durable. Among these three requirements, 
ventilation is the main concern in the tropical part of the globe and tiles are hardly used for 
roof covering. Since house ventilation through the roof is not so extensively required north 
and south of the two tropics, and rain and snow are often linked with cold temperatures, 
durability and a leak-proof roof are the main concern. In this case, the use of tiles is 
widespread. Among them, interlocking clay tiles give the best water tightness (Lepsien, 
1991). With regard to the shaping process, pressed interlocking roof tiles are amongst the 
most difficult products to manufacture. Two factors complicate the shaping process. 
Firstly, there are thousands of different shapes, each one requiring its own mould. 
Secondly, interlocking tiles must comply to very close dimensional tolerances.
Figure 2-8 shows the proportion of clay roof tiles as a percentage of the total roofing 
material market for a range of countries, ordered in decreasing clay market sizes for 1990, 
with the exception of Japan (Patel, 1991; Takasago, 1994). Figures for the actual market 
shares for the USA were unavailable. However, roof tiles (concrete and clay) are only used 
in the new construction market in the ‘sunbelt/western’ states, and of the tiles used, 
concrete is the main product, with only very few clay tiles in evidence (Salmon, 1996).
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Figure 2-8: proportion o f clay roof tiles as a percentage o f the total roofing material market.
2 . 3 . 4 . 2 .  Comparison  o f  the d if ferent  types o f  clav r o o f  t iles
As stated previously, there is a wide variety of clay roof tiles, according to the different 
market trends, climatic requirements and processes. However, they can be categorised 
under two main classes: plain tiles and single-lap tiles. Plain tiles are the most primitive form 
of tile and to prevent leakage have to be laid so that each course of tile overlaps the course 
next but one below it. Every part of a plain tile roof is therefore covered with at least two 
thicknesses o f tile and on more than half the area there are three thicknesses. A single-lap 
tile roof, on the other hand, is covered with only one thickness of tile, except at the edges of 
the tiles where they either overlap or interlock (Figure 2-9).
Figure 2-10 illustrates the main types of tiles: (a) plain roof tiles - with also (b) canal 
tiles - are the most popular kinds of extruded roof tiles; whereas common types of pressed 
tiles include ‘bold profile’ interlocking tiles (such as (c) ‘Roman’, (d) ’Olandese’ or (g) 
Japanese ‘S’ types) and ‘low profile’ interlocking tiles (such as (e) ‘Marseille’, (f) ‘Reform’ 
or (h) Japanese ‘J’ types).
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Figure 2-9: single-lap tiles (European on
Figure 2-10: main types o f clay roof tiles.
Relatively few interlocking clay tiles are made in Britain, where the plain tile still 
predominates, but in Western Europe they are much more common. Roofing with 
conspicuously shaped tiles is popular in Southern Europe (Green et al., 1953). The market 
demands are indeed very different between countries and even within Europe and Asia. 
Table 2-2 shows the different processes and main product types used in the clay roofing 
market, in Europe and South East Asia.
the left; Japanese on the right).
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Table 2-2: summary of production methods and types of clay roof tiles used in Europe and South East Asia.
Country Processes Product types
France Rubber moulds 
Plaster moulds 
Extruded
Interlocking tiles 
Interlocking tiles
Plain tiles (North), Canal tiles (South)
Italy Rubber moulds 
(No plaster moulds) 
Extruded
All interlocking tiles 
Canal tiles
Germany Plaster moulds 
Extruded
Almost 100 % interlocking tiles 
Plain tiles (Biber)
Spain Rubber moulds 
Extruded
All interlocking tiles 
Canal tiles
Portugal Rubber moulds 
Extruded
All interlocking tiles 
Canal tiles
Hungary Rubber moulds 
(may be some plaster 
moulds or extruded)
Interlocking tiles
Great Britain Extruded
(interlocking = probably 
hand moulded)
All plain tiles
Netherlands Plaster moulds Almost 100 % interlocking tiles
Denmark Extruded Pantiles (simple overlap)
Austria Plaster moulds 
Extruded
Interlocking tiles 
Plain tiles (Biber)
Sweden Extruded Pantiles (simple overlap)
Japan Closed metal moulds 100 % interlocking tiles
Malaysia, Indonesia, 
Thailand
Closed metal moulds 100 % interlocking tiles
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In Europe, the market offers numerous types of roof tiles in various sizes and shapes 
(types (a) to (f) in Figure 2-10) for covering pitched roofs. Many are left in their natural 
colour while others are engobed or glazed. Furthermore, for each single shape there are also 
all sorts of accessories, or ‘specials’ (Figure 2-11), in the corresponding sizes, shapes, 
colours and shades, available to build a roof.
Figure 2-11: accessories for a 'Roman ’ type roof.
In South East Asia (typically in Japan), clay roof tiles appear to be the roofing material 
of choice for residential housing. Today, the pagoda-type roof covered with curved tiles is 
very popular. There are just two curved shapes on the market: the so-called S- and J-type 
tiles (types (g) and (h) in Figure 2-10). A few flat tiles are also found. Japanese tiles are of 
much simpler design than European tiles and come also with all accessories required to 
build a roof (Figure 2-12). They are rarely found in their natural colours and can be divided 
into two types: glazed or smoked in the proportion ratio of 65 % and 35 %, respectively. A
23
Chapter 2 - LITERATURE REVIEW
firing process using liquefied butane gas produces the smoked or dark grey colour. The tiles 
become coated with carbon after firing at 1000-1050 °C (Sheppard, 1994).
Figure 2-12: trims for the Japanese S-shape.
To summarise, European pressed interlocking clay roof tiles typically have a 
complicated design. Most of them present a lot o f pronounced features such as sidelocks, 
headlocks, undersidelocks, strengthening bars (or ‘ribs’) and nibs (Figure 2-13). The locks 
can be single, or double. In the case of tiles pressed in rubber or metal moulds, the size of 
the locks is generally of about 10 mm and these features are rounded off because of the 
process, whereas in the case of plaster mould pressed tiles, features are usually bigger, up to 
about 15 mm, and sharper. It should be noted that in the European process the prominent 
features are achieved by significant clay flow.
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On the other hand, Japanese tile features consist mainly of nibs and fewer shallow 
locks, if any (Figure 2-14). They are not prominent and typically less than 10 mm in depth 
(Francis, 1996-b). Japanese clay tiles are thus of very simple design. An advantage is that, 
because of then very simple and small features, these tiles may be more frost resistant. The 
final characteristics o f roofing tiles depend both on raw material quality and technological 
parameters. The optimisation of each stage in the sequence - shaping, drying and firing - is 
crucial to the final results.
Figure 2-14: the simple design o f  a typical Japanese pressed tile.
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2 . 3 . 4 . 3 .  Forming faults
In order to completely fill the mould during pressing, the amount of material on the 
mould, its shape and its position must be defined regarding to the material and its moisture 
content. Apart from the material characteristics, the way the material flows in the mould is 
also important. Assuming there is enough material to form a complete tile during pressing, 
two basic types of flow generated fault can occur: faults due to the surface flow at the 
interface with the mould material (generally visible to the naked eye in the green tile after 
pressing) and faults due to the flow in the bulk of the body (generally not apparent to the 
naked eye straight after pressing).
Surface faults are mainly hairline cracks, folds, water marks, etc. Their origin is not 
always understood but they are generally not mechanically damaging but only present an 
aesthetical drawback. Conversely, forming faults in the bulk of the tile such as laminations 
or extreme flow-induced shear gradients can be damaging. Technically, a shear gradient is 
not a defect in itself but the resulting structure inhomogeneity can be. Lamination is 
characterised by layer-type collapse of the products and is rarely clearly seen in pressed tile 
as it is more typical of extrusion. The general concern is the propensity of inhomogeneities 
to create defects which lower the durability.
2.4. D U R A B I L I T Y
2.4 .1 . INTRODUCTION
The ability to resist the rigours of service conditions and to function well in their 
intended environment for a long time (over 30 years) is the basic requirement of clay roof 
tiles. The durability of roof tiles refers thus to their resistance to the agents of weathering, 
principally rainfall and freezing temperatures, but sometimes also exposure to soluble salts 
such as sodium chloride from sea water, and sulphates from industrial air pollution. The 
location and climate where the products are used determine the severity of weathering. In 
hot, arid regions the only requirement is strength. In more temperate climates the elements 
of precipitation and freezing temperatures demand very special properties in structural clay 
products. Cyclical freezing and thawing temperatures are particularly destructive 
weathering forces on wet products. The characteristics of clay products that determine their 
durability on exposure to moisture and freezing temperatures are the ceramic properties
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(such as the composition of the clay mix and the phases developed in the fired product, 
strength and the amount and nature of the porosity) and the process variables, i.e. the effect 
of manufacturing methods on the clay flow and the generation of defects. These issues will 
be addressed in this section whereas current assessments of durability will be reviewed 
later in Chapter 8 .
2 .4 .2 . ROLE OF POROSITY
It is well known that water expands whilst freezing and this expansion may play a role 
in damaging the product since it can lead to pressures which can be as high as 1 0 0  bars for 
every degree Celsius that the temperature is below zero, such that the pressure may rise to a 
value which is in excess of the local tensile strength of the product. Water which is kept 
under pressure can be prevented from freezing, the effect being greater the finer the pore. 
Thus, ice formation may occur over a range of temperatures lower than 0 °C. Ice formation 
will cause unfrozen water to be pushed ahead of the ice front. However, the finer the pore 
structure, the higher the resistance to water flow. Again, this may cause pressures that 
cannot be withstood locally. This risk will be greater, the faster the rate of ice formation.
Another effect of the development of ice is ice lensing. Ice which is about to enter a 
small diameter capillary from a larger space or wider capillary has to expel water in order 
to be able to penetrate any further. This means that the pressure in the larger space shall 
reach at least the value of the pressure needed to push water out of the fine capillary. The 
ice in the larger space forms a relatively large ice crystal. Such large ice crystals are called 
ice lenses. Since fine pores are more likely to contain water, it follows that finer cracks 
provide a greater risk of ice lensing. Ice lensing also occurs where two pore systems meet. 
Since the growth of ice lenses takes time, the ice lensing mechanism is more prevalent at 
lower rates of freezing. Indeed, it is possible that damage which occurs at a low freezing 
rate can be avoided by freezing at a faster rate. The effect is more pronounced the thinner 
the layer where damage can occur and also the thinner the product.
With respect to the damage mechanisms described, fine pores and in particular fine 
pores next to coarser ones or even voids seem to be disadvantageous and high (local) 
strength seems to be advantageous. A very porous product with coarse pores can be frost 
resistant, a product with a low porosity but with fine pores may not be (Van der Klugt, 
1993).
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Ravaglioli (1976) examined the relationship between the frost resistance of pressed 
ceramic bodies and the size distribution of the pores. To achieve a good frost resistance it 
was found that the body porosity should have approximately over 40 % of pores of 
diameter smaller than 0.25 pm and 40-45 % of pores of diameter larger than 1.4 pm and 
that if there was a predominance of pores of diameter between 0.25 and 1.4 pm then the 
material would definitively be prone to frost damage. Robinson et al. (1995-a and 1995-b) 
determined the pore size distribution of bricks of good and bad durability. Brick of poor 
durability showed a preponderance of pores smaller than 1 pm whereas good brick 
exhibited a majority of pores larger than 2  pm.
Maage (1984) found a linear correlation between frost resistance and the inverse value 
of the intruded pore volume. A useful tool in frost resistance prediction was the linear 
correlation also found between total volume of pores and the volume of pores with an 
equivalent diameter bigger than 3 pm, and frost resistance.
Winslow et al. (1988) measured the pore size distributions of approximately 80 bricks 
removed from walls of existing buildings using mercury intrusion. The distributions were 
used to calculate a durability factor using the method of Maage. The durability factor was 
then correlated with the observed performance of the bricks in the buildings. It was found 
that all bricks with a durability factor greater than 70 exhibited no freeze-thaw durability 
problem whereas, with very few exceptions, bricks with a durability factor less than 70 
suffered freeze-thaw failures.
Winslow (1991) in another study of approximately 110 bricks removed from existing 
pavements again measured pore size distributions. Here it was found that all bricks with a 
durability factor greater than 90 exhibited no durability problems whereas, with few 
exceptions, bricks with a durability factor less than 90 suffered freeze-thaw failures. The 
method of Maage was successfully used in these two studies but the Maage durability 
factor threshold had to be adapted to the types of product tested.
Porosity arises for several sources. Clay minerals have a plate-like form. Plastic 
deformation inevitably induces shear stresses which will cause these plate-like particles to 
orient themselves parallel to the shear plane. The effect will be stronger the more plate-like 
the particles and the richer the raw material is in these particles. The presence of coarser 
non-plate-like particles will disturb this tendency to orientation. Hence very fine clays and 
especially those rich in kaolinitic clay minerals show a strong tendency to form a laminated 
structure with very fine pores. Sometimes the addition of coarser particles appears to 
sufficiently break the tendency to lamination, thus improving the frost resistance of the
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articles. Grog and shale particles larger than 75 pm favour the formation of larger pores 
whereas pure clays produce pores smaller than 0.1 pm (Robinson, 1984). Also, limestone 
in clay gives off carbon dioxide during firing which results in an increase of the porosity. In 
addition to factors relating to the chemical nature of the raw materials, the pore size 
distribution of the product depends on the particle size distribution of the clay and the 
degree of sintering obtained in the firing process.
2 .4 .3 . ROLE OF MANUFACTURING DEFECTS
It has been reported that clay roof tiles pressed with resin and rubber moulds show 
‘surface’ defects (Francis, 1997). Moreover, durability failures often occur in the same 
section of the tile as certain surface defects. Cracks can be weak points in the tile and 
therefore they might be frost damage initiation points. Frost damage is mainly characterised 
by spalling of features such as locks, nibs or ribs. In a review of clay tile frost failures, 
Francis (1996-a) stated that all pressed tiles experienced damage to tile features, and that 
19 out of 29 tile types included in this survey experienced damage exclusively to tile 
features. Early work in this area has led to the hypothesis that the defects came from a fault 
generated during pressing.
At the end of laboratory tests to determine frost resistance, results are sometimes 
observed which do not coincide with that which might legitimately have been expected 
considering the quality of the clay body. In most cases these disfigurations become 
apparent on the tiles in the form of cracks and/or spalling in particular areas of the product, 
and the question arises as to whether the form of the product and the method of shaping 
cause the appearance of these defects. Albenque (1992) used two spot measurement test 
methods to examine the effect of the geometry of a roof tile on its characteristics. Studies 
of particular areas of an interlocking roof tile, such as the sidelocks or the nibs were carried 
out by measurement of the transmission speed of an ultrasonic wave and measurement of 
the dimensional variations whilst freeze-thaw cycling (frost dilatometry). The ultrasound 
transmission speeds are distinctly different in the underlying part of the feature and the 
protruding part of the feature. The underlying part, the orientation of which is similar to the 
regular part of the roof tile, shows a slower ultrasound transmission speed than the 
protruding part, in which the orientation is altered considerably by pressing. Such a 
difference confirmed the results of the measurement of residual expansion during frost, 
where the underlying part of the feature expanded twice as much as the protruding part,
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indicating that the underlying part of the feature is stressed more than the protruding part. 
This illustrates that the presence of heterogeneities detected by the measurement of the 
ultrasound transmission speed can correspond to frost sensitive areas. Ultrasonic 
transmission speeds measurements used to detect less evident heterogeneities, which do not 
occur in the feature areas, also showed that the frost damage begins where the density of 
the material is the lowest and that the damage spreads from the sensitive areas towards the 
other sections but spares the parts of the product where the density is highest. The 
measurements of the residual expansions generated by the freeze-thaw cycling clearly show 
the consequences of these anisotropies. The different areas of the roofing tile do not react 
in the same way to the same stressing. Therefore the heterogeneities created can represent 
weak points, irrespectively of the inherent quality of the clay body. These weak points also 
seem to be related to the presence of lower density areas in the roof tiles. These areas are 
due to the geometry of the product and the method of shaping. The elimination of these 
areas can be envisaged by influencing the shape of the product, the shape of the bat and the 
conditions of shaping (balancing of the die, pressing force, etc.). Albenque also 
acknowledged that the pressing of complex interlocking tiles induces movement within the 
clay paste body in addition to compaction development, thus creating complex 
heterogeneities (Albenque, 1995). Generally, the better and the more uniform the cohesion 
after pressing of the clay product, the better its frost resistance.
Albenque et al. (1976) also investigated the sensitivity of frost resistance to different 
porometric and mechanical factors. The main parameters were revealed to be the tensile 
strength, measured perpendicular to the extrusion direction of the product (Rf), the porosity 
((j)) and the width of the pore size distribution (s). He used an approximate statistical 
equation for frost sensitivity (SG) to summarise these tendencies in the form of:
s° - c + r  ° - 1>
where C is a proportionality constant. This showed that to improve the frost resistance, 
manufacturing methods should be sought in order to minimise the porosity and increase the 
tensile strength and the width of the pore size distribution.
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2 .5 . P L A S T I C I T Y  O F  C L A Y  P A S T E S
2 .5 .1 . GENERAL DESCRIPTION OF PLASTICITY
Bloor (1959) reviewed certain aspects o f the plasticity o f clay suspensions and pastes. 
The factors revealed or measured from plasticity tests in the laboratory, and shown in 
Figure 2-15, were: elastic recovery (a); a yield point (b), beyond which strain-hardening (c) 
occurred, involving re-alignment o f particles and water movements within the specimen; a 
maximum stress (d), beyond which the specimen failed, usually at external slip planes and 
the amount o f strain which had occurred at points corresponding to the lower yield point 
and maximum stress. These properties depend on the clay bodies concerned; the rate at 
which the tests are carried out; the water content o f the clay mix; the nature and amount o f  
electrolyte in the paste; and the surface tension o f  the water.
M o x  imum
Figure 2-15: typical ideal stress-strain diagram for clay pastes.
The yield point is dependent on the water content and thixotropy. The water content at 
which a yield point can be detected is largely dependent on the measuring technique and o f
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the range of water contents tested. The limited information available indicates that, for a 
given material, the yield point is inversely proportional to the deformation at maximum 
stress: thus at a high water content the yield point is low and the deformation is high, and 
vice versa, but there seems to be no evidence that an optimum value or narrow range of 
values exists for either variable. As the water content is reduced the particles approach one 
another and so particle movement and the viscous flow of water through the gaps between 
the particles become more difficult. In any given set of testing conditions, the yield point 
would be expected to rise with decreasing water content. No experimental evidence has 
been found which contradicts this hypothesis, although inflections may occur at certain 
volume concentrations or under certain testing conditions.
The rate of testing will have an effect on the yield point of suspensions, and so a range 
of results can be expected, though the spread will probably narrow as the water content 
decreases, the effect of speed of testing being least noticeable on concentrated suspensions. 
Under a given rate of stressing the yield point increases with decrease in water content so 
that, with higher pressures, clays can be worked in much stiffer condition, often with a 
considerable improvement of dry and fired strength (Bloor, 1959 and 1957).
In pastes the solid phase predominates, even on a volume basis, such that rapid re­
arrangement is impossible, and so thixotropic effects are not obvious, but they occur 
nevertheless. The time is a key factor in thixotropy. The effect of thixotropy on the yield 
point is important in soil mechanics and civil engineering but almost insignificant in clay 
moulding as thixotropy build up can take a very long time (i.e. weeks) in stiff pastes.
When the stress is increased above the yield point, plastic deformation occurs for clay 
pastes. Generally, a strain hardening stage is observed, followed by solid-plastic behaviour. 
When tension, compression and torsion test pieces fail they often show slip planes, which 
presumably start to develop at and beyond the maximum in the stress-strain diagram; on 
the other hand clay pastes confined in the concentric-cylinder apparatus apparently show no 
failure at all. It is very probable that such differences in deformability are associated with 
uniformity of texture and thickness of water film. The rupture at a slip plane or at a group 
of slip planes may be a function of the weaknesses left by preparation of the clay or test 
piece rather than of the intrinsic plasticity of the material. The deformation of clay paste 
obviously involves the movement of particles, either separately, as aggregates, or in blocks, 
past each other.
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2 .5 .2 . EXPERIMENTAL INVESTIGATIONS OF PLASTICITY
2 . 5 . 2 . 1 .  P l a s t i c i t y  i n d i c e s
The procedure of evaluating plasticity first proposed by Atterberg (1911) is little used 
by ceramists but very extensively used by construction engineers in soil mechanics 
investigations. Engineers have found it convenient to express the plastic properties of soil 
materials in terms of plastic limit (Pw), liquid limit (Lf), and plasticity index (Ip). 
Generally, the more plastic a clay, the more water it will tolerate without becoming fluid. 
In other words, the range of water content over which it is plastic is very wide. This is the 
basis of the Atterberg plasticity index, defined as follows. If water is added, little by little, 
to a dry clay, a stage is first reached where the clay just becomes plastic and coheres; this 
corresponds to the minimum amount of water required to form a stable film around each 
clay particle and is expressed as a percentage of the dry weight of clay. As more water is 
added, the plastic clay becomes softer and eventually reaches a stage where it begins to 
flow under its own weight; this corresponds to the water content required to reduce the 
yield value below an arbitrary level and is therefore less well defined than the first stage, 
but methods have been devised for its measurement that give reproducible results. The first 
stage is called the plastic limit, the water content being denoted by Pw; the second stage is 
the liquid limit, at which the water content is denoted by Lw. The Atterberg plasticity index 
is then given by (Lw-Pw). It indicates the range of moisture that can be held in excess of that 
with a high degree of rigidity and without the separation of the particles beyond that 
essential for a definite attractive force between them. Standard procedures have been 
developed for determining limit values (for example, ASTM D 4318-95a, 1995 or BS 1377 
part 2, 1990). Although it is not related directly to the mechanical behaviour of clay, the 
Atterberg index does give values that are in accord with practical experience (Grim, 1962).
The Pfefferkorn plasticity test is traditionally used to obtain a characteristic curve of 
plasticity for the clay by plotting the water content against height after compression for 
several blocks of varying water contents. This test is used to ascertain the best water 
content for extrusion and thus for pressing and to compare the plasticity and formability of 
different materials and blends. According to the Pfefferkorn test, the plasticity of a clay is 
defined by the extent of the compression of the clay specimen.
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2 . 5 . 2 . 2 .  C o m p r e s s io n  t e s t s
In soil mechanics the compression test has been adopted as a standard method, two 
forms of test are used, the simpler one being ‘uniaxial’ or ‘unconfined’ and the more 
complex one being ‘triaxial’. In the former method, a cylinder of clay is compressed in one 
direction between two plattens; whereas in the second type of test a cylindrical specimen is 
covered with a rubber membrane which enables pressure to be applied on the curved 
surface of the cylinder while the main compression is being applied vertically, thereby 
simulating conditions obtaining, for example, under buried footings. Triaxial compression 
can be undertaken on a drained or undrained sample. In an undrained test, the liquid phase 
remains uniformly distributed throughout the solid powder whereas in a drained test there 
is noticeable liquid movement under the action of the forces imposed by the test and it is 
possible to regard the system as plastic. Load-compression graphs obtained in compression 
tests are essentially similar to load-extension graphs obtained in tensile tests. In 
compression tests, as opposed to tensile tests, however, energy is used in spreading the 
paste laterally and overcoming friction at the plates (Bloor, 1957).
Moore (1962) compressed cylindrical samples of different material between oiled 
parallel plates by driving the lower one upwards at constant speed. Differently shaped 
force-compression curves were recorded. Results led the author to believe that the 
intrinsic plasticity of a material can thus be assessed from the shape of curve obtained.
In a more recent study, Banno et al. (1996) used the uniaxial compression test to 
investigate the plasticity of a kaolinitic clay green body. As shown in Figure 2-16, the 
lower the water content, the higher the yield point and stress for any given strain, which 
indicated a large influence of the water content on the deformation properties of the green 
bodies.
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Figure 2-16: stress-strain curves of green bodies of Hara gairome clay:
If the stress is plotted against the instantaneous aspect ratio o f the cylinder then, after 
an initial rapid rise, there is a linear relationship which corresponds to the relationship for 
the compression o f a plastic material when there is sticking friction with the plattens, i.e.:
where Pm is the mean pressure on the compression plate in the axial direction, d is the 
sample diameter, h is the sample height and oy is the yield strength o f the material. 
Experimental values o f ratio o f the slope o f the linear portion o f the stress-aspect ratio 
curves to the yield stress, plotted as a function o f the water content (Figure 2-17), showed 
that the measured results were in the vicinity o f 1/(3V3), according to the theoretical value, 
from equation (2-2), in the case o f sticking friction. Furthermore, it was found that, if the 
initial aspect ratio was too high then the deformation was unstable in the initial stages.
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Figure 2-17: ratio o f the slope o f the linear portion, of the stress-aspect ratio curves, over the yield stress
as a function of the water content.
2 . 5 . 2 . 3 .  M a r s e i l l e  B l e n d
Whilst there has been no systematic study o f  the behaviour o f the Marseille blend, 
Beaumel (1998) studied defects arising when the mix was extruded. He measured the 
permeability coefficient and Atterberg limits for the Marseille mix (Table 2-3). He found 
that the permeability coefficient for the Marseille clay mix was very low and therefore water 
migration during extrusion was very unlikely. However local gradients might exist near the 
walls. He also noted the near exponential decrease o f  the yield point as a function o f  
increasing water content. He noted that friction was a major factor in the occurrence o f  
defects on the wet side o f the plastic limit, Pw, the ratio o f the friction stress to the yield 
stress defining the thickness o f  the zone o f  shearing near- the walls. Whereas on the dry side 
o f Pw, there were no defects. This seemed to be due to the fact that the shear resistance 
increased more rapidly than the shear stress at the walls. Being on the dry side o f Pw
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generally increased the friction and the yield stress, therefore increasing the power input. 
The water content range for the best compromise was thus very narrow.
Table 2-3: some properties of the Marseille clay mix.
Coefficient of permeability, Kv ~ 1CT7 mm/s
Atterberg plastic limit, Pvv 18.7%
Atterberg liquid limit, Dv 26.2 %
Atterberg plasticity index, Ip 7.5
2.5.3. DEFORMATION MECHANISMS
2 .5 .3 .1 .  I n t r o d u c t i o n
During pressing, clay is not only squeezed but changes within the body occur, for 
instance, particles might move and reorient. So far a plastic clay or body has been treated 
as a continuous material, but it must be recognised that in fact it comprises different 
phases; typically a liquid phase and a solid phase consisting of particles varying in size and 
shape. The circumstances in which there may be a change in the liquid phase distribution, a 
partial separation of the coarser particles from the finer particles and a tendency for platy 
particles to be preferentially oriented in particular directions are now discussed.
2 .5 .3 .2 .  V i s u a l i s a t i o n  o f  F lo w  P a t t e r n s
The flow pattern and structure produced by a process can be found by the use of 
coloured clays. Bloor (1959) used this information in conjunction with contraction data to 
derive the direction of alignment of the clay particles, on the basis of two assumptions. The 
first is that the clay particles tend to align themselves with their major surfaces parallel to 
the coloured flow lines; both wet-to-dry and dry-to-fired contractions are greatest 
perpendicular to these major surfaces, and therefore perpendicular to such flow lines. The 
second assumption is that the wet-to-dry and dry-to-fired volume contractions are 
independent of the structure, within the limits of the system being examined. By such 
method, several consecutive shaping processes can be investigated stage by stage, and
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some idea gained o f the places at which stress-release or stress-concentration is likely to 
occur.
2 . 5 . 3 . 3 .  M o v e m e n t  o f  p a r t i c l e s
Moore (1962), in a study on the aspects o f the texture o f clay relevant to extrusion 
problems, i.e. the influence o f the particle size distribution and its local modifications on 
laminations in an extruded column, believed there were two factors contributing to 
lamination problems. The first o f these is concerned with the action o f smoothing or 
polishing the surface o f a test-piece, the second with the partial segregation o f the coarse 
and fine particles due to the slip during shearing.
It has been found that after smoothing (e.g. by a metal blade or wall), the surface layer 
develops properties that are different from those o f the interior and that the surface layer 
contains a higher proportion o f  fine particles and a higher moisture content than the interior. 
Hodgkinson (1992) found that it was extremely difficult to blend ‘polished’ clay surfaces as 
they have a wet ‘skin’ o f aligned platelets. The explanation given by Moore (1962) was that 
if the surface is smooth the larger particles are naturally prevented from having their centres 
right up to the surface whereas smaller particles can get much closer to the surface. In other 
words, if a rough surface containing different sized particles is smoothed, the larger ones 
will be pushed further into the interior than the smaller ones (Figure 2-18).
Figure 2-18: a schematic of: (a) uniform arrangement of coarse particles; (b) coarse particles moved away 
from surface; (c) section adjacent to smoothed surface.
38
Chapter 2 - LITEM TURE REVIEW
Moore also showed further direct evidence o f  clay migration and movement in terms o f  
patterns o f coloured clay/pigments and o f glycol absorption values. By adding 1.5 wt % o f  
carbon black, consisting o f  very fine particles, a white pottery body turned a uniform light 
grey when mixed. After extrusion, it was found that sections from the extruded column 
revealed a pattern o f dark lines which could be traced back to originate in the clay that had 
been in contact with the auger blade. The pattern corresponded with the lamination pattern 
shown in an evacuation test applied to an adjacent section o f the column. Further 
confirmation o f fine particle migration in the auger machine was obtained by glycol 
absorption tests on samples o f clay taken f+om the flights o f the auger thread. The polished 
clay adjacent to the flights gave a higher value o f absorption than the clay from the interior.
It has been found that partial segregation o f the coarse and fine particles was also due 
to the slip during shearing. For large amounts o f shear, the deformation o f a clay material 
occurred in slip bands. Slip lines are often seen on the surface o f clay bodies undergoing 
large deformations. Particle size and particle size distribution define the distance between 
the slip planes (thickness o f the slip bands). An early explanation for slip lines was proposed 
by Moore (1965) as illustrated in Figure 2-19. The material, ideally originally consisting o f a 
uniform arrangement o f coarse and fine particles and required to shear in a definite 
direction, will have to accommodate its structure in order to develop slip lines in between 
the coarse particles, as the forces applied to shear a plastic clay would not be large enough 
to fracture the particles. This would require obstructing large particles to be manoeuvred 
out o f the way and thus the slip lines are composed essentially o f the finer particles.
Figure 2-19: a schematic of the formation of slip lines during shear.
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Analyses of the slip planes in samples made by compression (Williamson, 1972), or in 
extradate (Hodgkinson, 1992), confirmed a local increase in moisture content and fines 
content of over 10 % of the mean value. This has also been observed by Tessier et al. 
(1994). They have examined the evolution of the structure inside the shear bands at 
different scales. Isotropically consolidated and overconsolidated samples of clays of 
different mineralogies were tested in drained and undrained triaxial tests. In classical tests 
two porous stones are placed on the top and the bottom of the sample, creating 
considerable friction on the two sides of the sample during testing, allowing for the 
development of shearing stresses and as a consequence, for non-homogeneous strains 
inside the sample. For large deformations, these heterogeneities lead to the localisation of 
strains along a shear band. If the sample was long enough, the shear band divided into two 
blocks which could slide against each other. The two blocks were almost rigid and 
deformation was concentrated inside a small volume next to the failure surface. This 
phenomenon could be alleviated by reducing the friction at the cap and the base. Different 
anti-friction systems have been proposed which can lead to a better homogeneity of the 
strain field in the samples and delay, if not prevent, the localisation process. The anti- 
frictional system used consisted of incorporating, between the smooth plate and the sample, 
one layer of silicone grease and a thin rubber sheet, cut into several pieces which could 
slide and follow the lateral displacement of the sample during shearing. For samples with 
initial height to diameter (ho/do) ratios equal to 2 , the anti-friction system did not prevent 
the formation of shear bands, but delayed it so that the peak value of the deviator stress, 
corresponding to the complete development of a shear band, was reached after larger 
strains. Another way of limiting the development of shear bands was to reduce the ratio 
ho/do in order to prevent the failure surface from cutting the sample in two parts. The band 
will reach the rigid boundaries and cannot continue progressing in the same direction. For 
samples with ho/do ratios equal to 1 , reflections on the cap and base were observed but 
more diffuse localisation was obtained and the sample continued to deform throughout. For 
ho/do ratios smaller than 0.5, no localisation pattern was observed. Orientation of the shear 
bands was found to be constant for a given clay, independent of the size of the samples, the 
end conditions (with or without lubrication), or the overconsolidation ratio (1  and 1 0 ). 
There is considerable experimental evidence to support this and to show that the fine 
particles in these slip lines are preferentially oriented parallel to the slip plane (cf. next 
section).
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2 . 5 . 3 . 4 .  O r i e n t a t i o n  o f  p a r t i c l e s
The previous section dealt with the movement o f particles, the segregation o f coarse 
and fine, and the segregation o f the liquid. The particles, however, not only move but also 
reorient, creating preferred orientation and anisotropy in a body (Figure 2-20). When a 
shear stress is applied to non-spherical particles, the particles will not change shape, but will 
rotate to align themselves in a streamline arrangement within the body being formed (Zhang 
et al., 1997), a process known as ‘texturation’. Several studies o f the processing routes for 
ceramic materials showed that an oriented structure is produced (Tessier et al., 1994; 
Djavid, 1995). The degree and nature o f the orientation will depend on the shear history and 
the frictional properties o f the components o f the mixture. Orientation also varies with the 
location o f the particle within the product. Orientation can have a significant influence on 
the mechanical and thermal properties o f the product (Albenque, 1992).
Figure 2-20: a schematic section, with corresponding transverse section, containing the axes of an 
extruded clay cylinder (traces o f the clay platelets are represented by lines).
It has been suggested by Pels-Leusden (1982) that extreme texturation can result in 
pressing if the moulds are filled with clay before the press ram reaches its end-position. 
Djavid (1995) showed that the directional property o f soils, particularly clays, are directly 
related to the particle orientations. The platy clay particles possess the tendency to reorient 
themselves in the most stable condition against applied stress, i.e. platy clay particles tend to 
become oriented perpendicular to the direction o f applied stress. During isotropic 
consolidation a random structure is produced; however, in an anisotropic consolidation an 
oriented structure with respect to the higher or lower stress directions is observed.
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2 .6 .  S U M M A R Y
Background knowledge on clay roof tile forming and durability testing, along with 
previous studies on clay plasticity, compression of soils and ceramic forging processes, 
helped define the relevant parameters and tendencies for clay flow during deformation and 
the subsequent properties of the products. This survey draws together the findings of 
researchers in many fields in an attempt to apply them to clay roof tile pressing, as this 
subject has never really been dealt with, or not in a publicly available manner.
Although many efforts have been made to obtain empirical expressions for an 
extensive number of parameters for clay suspensions and pastes, there seems to have been 
no systematic effort to explore in a fundamental way the connection between these 
parameters and constitutive equations. Indeed, most of the knowledge in the literature 
review is empirical and there is a definite need for a more systematic study. A theoretical 
approach to some of the properties of clay materials, such as plasticity and durability, has 
not been found so far.
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3 . M A R SE IL L E  W O R K S SURVEY
3.1.  I N T R O D U C T I O N
Lafarge Couverture is the French branch of the Lafarge-Braas group. Four works 
produce clay roof tiles pressed either in resin with rubber sheet or plaster moulds. Since it 
had been decided to work with the Marseille clay blend a visit to Lafarge Couverture works 
in Marseille was undertaken to witness tile manufacturing at first hand. During the visit, 
the influence of several parameters on the products and pressing processes was investigated 
and the observations are discussed in the following sections.
3 .2. G E N E R A L  P R E S S I N G  P A R A M E T E R S
The variables that influence the pressing of clay roof tiles are the characteristics of 
both the material and the press. The first of these is the composition of the clay blend. An 
industrial mix is usually composed of clay, sand and water. The clay material is responsible 
for the plasticity of the mix when an appropriate amount of water is added, whereas the 
sand reduces the water content required to achieve a workable plasticity and also reduces 
the shrinkage during drying. Whilst it is important to know the composition of a blend, the 
most significant parameter of a clay mix is the water or moisture content. This corresponds 
to the amount of water in the clay mix at the end of preparation. The water determines the 
plastic character of the clay mass, its consistency, its aptitude to stick and the drying 
shrinkage of the product. The plasticity and the formability of the mix are related to the 
water content.
Following mixing, the clay is extruded. Homogeneity of the extruded clay column is a 
basic requirement. Air vacuum is applied in the extruder chamber to remove air in order to 
obtain a homogenised, compacted clay column to prevent entrapped air bubbles creating 
lamination-type defects during drying or firing. The clay column is then cut into bats. The 
volume of the clay bat determines the amount of material placed 011 the mould. A profiled 
bat helps achieve a more uniform and shallow clay flow gradient. If profiled bats are used, 
it is conceivable that this will reduce the amount of local deformation during pressing, thus
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minimising the local shear stresses, especially in confined sections such as sidelocks or 
headlocks. Generally, clay bats are preformed in Marseille (Figure 3-1).
The dimensions o f a bat define the worked clay volume. Length, lb, width, wb, and 
thickness, tb, are important factors and vary depending on the final product dimensions. For 
a given thickness, if the length or the width is too small, ‘shorts’ are formed. However, the 
greater the excess amount o f clay material, the more pronounced the shear gradient will be, 
which will increase the likelihood o f developing inhomogeneities or defects.
Figure 3-1: preformed bats for Romane tiles (tile and verge tile).
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The weight of a bat, Mb, is another way to quantify the amount of material in the 
mould and is used to define the amount of flashing, or flash, %, in the pressing stage. By 
knowing the weight of a bat and the weight of the corresponding green tile or sample, Mg, 
the flashing percentage can be calculated using:
M b -  M
%(%) = M x 100 (3-1)
b
The flash needs to be recycled. This is expensive and has to be reduced as much as 
possible, with everything else being kept the same. The position of the bat on the bottom 
mould is also very important. The location of the bat on the mould has to be such that the 
flash on each side is balanced as much as possible - especially in the case of complex 
shaped specials - to form products of acceptable quality. Sometimes, the use of ‘brakes’ on 
the mould frames and/or of local excesses of clay are also needed.
The nature of the contact and the interaction at the interface of the clay and the mould 
produce different friction coefficients between the mould and the material and thus have an 
influence on the clay behaviour during the pressing. For instance, depending on the surface 
roughness, the clay material and the lubrication, the clay may or may not slide against the 
mould surface.
The pressing speed also influences the ability of the clay to fill a mould. The speed 
varies from one product to another depending on the final shape of tile required and on the 
capacity of the press. A low speed will give good products and a poor profitability, whereas 
a high speed will give a poorer quality but a higher profitability.
3 .3 . T H E  P R E S S I N G  I N  M A R S E I L L E
3.3.1.  INTRODUCTION
At the Marseille works, the moulds are made from resin with a rubber sheet. The 
moisture content of the clay bats is 18 ± 1 wt % dry basis. The length of the clay bat is 480 
± 10 mm for the manufacture of the Romane tile and 520 ± 10 mm for the Abeille tile, for 
a weight of 6.0 ±0.1 kg and 8.0 ± 0.2 kg, respectively. After pressing, the green tiles have 
a thickness of 12-13 mm. The length and weight of the Romane and Abeille green tiles are 
480 mm and 4.3 kg, and 515 mm and 6.1 kg, respectively. The flashing is less than 25 % 
(about 23 %) for the ‘main line’ tiles mentioned above, but can be as high as 50 % for 
accessories. The pressing of a tile consists of three main stages: the loading of the clay bats
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on the press, the pressing itself, and the fettling and removal o f the tiles, by the suction 
head, from the mould to the drying cars. The only thing that can be observed during the 
pressing itself is the clay flashing out o f  the sides o f  the mould. Observation o f the tiles in 
the green state was made by visual inspection as they went past on their way to the dryer, or 
by removal from the line, for closer examination.
3 .3 .2 . FLASH PATTERN
As the upper mould moves towards the lower mould, the gap in between them 
gradually reduces to a final 4 mm. The general flow pattern is curved from the comers o f 
the tile towards the longitudinal and transverse axis. The real flow can be measured along 
those axes, where it is maximum. Friction effects are holding the clay in the comers o f the 
tile, thus resulting in a four-fold symmetry flow pattern, rather than a single disk pattern as 
illustrated in examples o f  flashing, for an Abeille ventilating tile (Figure 3-2) and a Romane 
tile (Figure 3-3).
For a given product, the flash is always similar. The only variations come from the 
position o f the bat on the mould or the presence o f clay burrs left on the mould edge strips 
from the previous pressing cycle.
Figure 3-2: flash for an Abeille ventilating tile (-50 %).
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I
Figure 3-3: flash for a Romane tile ( -  23 %).
In the case o f the Posifix tile, a pattern as described above has been observed on each 
side o f the green tile. The flashing and the development o f the flash are illustrated in Figure 
3-4.
betoT« jyr«flftDg aUvt prcistaj
Figure 3-4: a schematic of the development offlash during the pressing of a Posifix tile.
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Visualisation o f the flow and the flash was attempted by spreading coloured pigments 
or drawing lines on the surface o f the bats before pressing. The former technique using 
pigments did not prove satisfactory. Only a blur o f pigments was observed on the surface o f  
the tile. Use o f coloured pigments might be more successful if they were within the clay 
body. The later technique using a drawn grid was more satisfactory for observing flow at 
the clay/mould interface. A flow gradient with lower flow at the surface than in the bulk o f  
the tile was observed.
3.3.3.  PRESSING DEFECTS
Detailed observations o f the green tiles after pressing were made during the visit.
First, some minor faults were visible on both faces, i.e. surface and underside, o f the 
tiles. Even on Posifix tiles, although the features consist only o f two small nib-like ‘ears’ 
and three nibs, these were still quite often partially cut at their base, in the direction o f  
flashing (Figure 3-5). It seemed that the clay flow during pressing sheared off the features 
after the cavities o f the mould had been filled. This hypothesis was also supported by 
observations o f the pattern o f the textured tile surface - left by the imprint o f the rubber - in 
such basal hair-line cracks. A similar type o f fault, however, was observed without marks.
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These pressing faults may not be damaging for the finished products but they may be 
enlarged by drying, firing or freeze-thaw action, leading to poor quality products. During 
freeze-thaw testing, when the tiles fail, spalling o f the features occurs most o f the time. 
Moreover it often occurs in similar sections o f the features, for instance at the junction 
between the roll and the flat part on interlocking profiled tiles (Figures 3-6 to 3-10).
Generally, by minimising the amount o f excess material on the mould, the amount o f  
flow and flashing will be reduced and thus the propensity to create damaging faults will also 
be minimised. This requirement should be met in the case o f a closed mould process. Hence, 
tiles pressed in such moulds might be expected to be more frost resistant.
It has also been observed that when two pieces o f clay are put together and then 
pressed, it is very difficult to join them properly. It is possible to separate the two pieces 
after the pressing. Furthermore, if a high section is to be formed on an accessory at a 
pronounced angle to the horizontal plane o f the mould, the angle of the mould may act like a 
guillotine and cut through the clay bat during an early stage o f the pressing, before the two 
streams are put back together. In such a case, the tile is very likely to possess a plane o f 
weakness or even a crack in its vertical section. This guillotine phenomenon may be due to a 
local lack o f clay material or to too stiff a consistency o f the paste. However, after firing, 
this plane o f weakness may still be strong enough for use.
Figure 3-6: a schematic of defects on the upper side of an Abeille ventilating tile.
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Figure 3-7: spalling o f the headlock of a fired Abeille ventilating tile.
Figure 3-8: sheared headlock on a green Romane tile.
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Figure 3-9: hairline crack at the headlock on a fired Romane gable right tile.
Figure 3-10: hairline crack on the underside of a fired Abeille tile.
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3.4 . C O N C L U S I O N S  O N  T H E  W O R K S  S U R V E Y
Generally, the more complex the product, the more defects are likely to be produced. 
Water content of the clay bats is a key issue in the pressing of clay roof tiles, as it 
determines its plasticity and thus its behaviour when pressed. The significance of excess 
material flashing out of the mould, and the manner in which this happens, are also 
determining factors. The flash can be reduced by decreasing the volume of the bat and can 
be balanced by a better positioning of the bat and possibly the use of brakes fixed to the 
mould frames. The clay flow during pressing seemed to be related to the formation of 
defects or the quality of the products.
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4 M A TER IA LS
4.1. I N T R O D U C T I O N
This chapter describes the materials used in this study and their origin. The features of 
the Marseille material are dealt with in terms of composition, particle size, particle shape, 
and plasticity. This is followed by the characteristics of the manganese pigment. The 
preparation of the samples for the pressing experiments and the thermal treatments after 
testing are then described. The sample preparation for electron microscopy is presented in 
the last section. Experimental details relative to the pressing experiments and frost testing 
will be given in Chapters 7 and 8  respectively.
4.2. T H E  C L A Y  B L E N D
The basic clay blend used for this study was the Marseille ‘rose’ (‘MR’) which is made 
from three clay layers from the Puyloubier quarry, containing about 8 to 10 wt % limestone 
(CaC03), and about 6  wt % of sand from Bedouin. An industrial blend from the start of 
1996, which had been through the dry preparation in the works, was made into a paste by 
mixing with the required amounts of water. A darker clay paste, referred to as ‘MN’, was 
obtained by adding 2 wt % of manganese pigment (mainly MnCb) to the basic MR blend 
before mixing it with required amounts of water. It was also used in this study in the form 
of inserts in MR bats. The resulting two-tone bats are referred to as bats of ‘BC’ material in 
this study.
4.3. C H A R A C T E R I S A T I O N  M E T H O D S
4.3.1. COMPOSITION
4 .3 .1 .1 .  X - r a y  d i f f r a c t i o n
X-ray diffraction (XRD) analysis was used to determine the mineralogical composition 
of the mix. Semi-quantitative mineralogical analyses were carried out by the Department of
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Earth Sciences, University of Cambridge. The reflections were recorded electronically 
using a Philips powder diffractometer. Quantification was based upon the external binary 
standard mixture method for the non-clay minerals and the measurement of the clay 
fraction of the decalcified sample by the pipette method (BS 1377 part 2, 1990).
4 . 3 . 1 . 2 .  X - r a y  f lu o r e s c e n c e
Quantitative X-ray fluorescence (XRF) analysis was used to determine the chemical 
composition of the clay blend. Such analyses were carried out by Watts, Blake & Bearne 
(WBB), Newton Abbot. XRF analysis is based on the measurement of wavelengths and 
intensities of X-ray emitted by a sample when excited by X-rays. If the incident X-rays 
have wavelengths less than the K, L or M absorption edges of atoms in a sample then they 
have sufficient energy to remove K, L or M electrons from the sample atoms. Subsequent 
movement of electrons from outer levels into these vacant positions gives rise to the 
emission of characteristic radiation. Diffraction is then used to sequentially separate the 
various wavelengths emitted by a fluorescing specimen. Reflections were recorded via a 
Philips X-ray spectrometer. The intensity value of each element of the XRF spectrum was 
used to determine the concentration of that element in the sample.
4 .3 .2 .  PARTICLE SIZE DISTRIBUTION
4 . 3 . 2 . 1 .  W et s i  e v e  a n a l y s i s
This method was used to obtain the information required to construct a particle size 
distribution curve. Wet sieve analysis is better than dry sieve analysis at obtaining a true 
size distribution, particularly at the coarser end of the size curve because it tends to 
measure the non-clay components, such as quartz or calcite, which may be altered by 
processing, whereas dry sieving will measure aggregates of clay and non-clay particles. 
Generally, the range of mesh size chosen should match the expected size range of the 
material. A scale where each mesh size is half the size of the preceding one, is commonly 
used, ranging from a 1000 f.lm aperture down to 63 pm.
A weighed amount of material dried at 110 °C was dispersed overnight by immersion 
in water. The dispersed material was washed through the set of sieves with running water 
using the Fritsch wet vibratory sieve shaker. The sieve shaker vibrated at intervals until
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fines cease to issue from the pan outlet, i.e. until the exiting water cleared. Sieves were 
then washed through individually, starting with the coarsest and working down to the 
finest. When separation was complete the sieves with retained material were oven dried at 
70 °C. When dry, the material was collected and weighed. As the fines were not saved, 
their weight was determined as the difference between the total starting dry weight of the 
material and the combined dry weight of the fractions retained.
4 . 3 . 2 . 2 .  Se d i g r a p h  m e t h o d
The sedigraph method was used to obtain the finest part of the size curve, i.e. for the 
sub-63 Jim fraction. When combined with the information from the wet sieve analysis, the 
full particle size distribution will be obtained for the material. The sedimentation size 
analysis theory is based upon the fact that the measured equilibrium velocity of a particle 
through a viscous medium, resulting from the action of the gravitational force, can be 
related to the size of the particle by Stokes’ law. For spherical particles, Stokes’ law can be 
expressed by:
where 8  is the diameter of the spherical particle, v is the equilibrium sedimentation velocity
viscosity r\ and density po; g is the acceleration due to gravity. This equation applies 
rigorously as long as the Reynolds number, %  of the particle is less than 0.3 and it applies 
up to a Reynolds number of 0.5, with about 3 % error. In practice, particles are seldom 
truly spherical and their size is specified in terms of an equivalent spherical diameter. Data 
on the sedimentation velocity were then obtained by measuring the concentration of 
particles remaining in suspension as a function of time. The Micromeritics Sedigraph 5100 
uses a finely collimated X-ray beam to measure particle concentration in terms of the 
transmitted intensity of the X-ray beam through the suspension relative to the clear or 
unpigmented suspending fluid. The transmittance is a function of the weight concentration 
of the suspended solid.
The method used for sample preparation prior to analysis in the sedigraph involved 
taking approximately 35 g of material and adding 100 ml of deionised water that had 0.089 
wt % sodium pyrophosphate. The solution was then constantly stirred with a magnetic
~Yi
(4-1)
of the particle, and p is the density of the particle. The fluid medium is characterised by its
57
Chapter 4 - MATERIALS
stirrer and boiled for twenty minutes in a covered beaker, after which it was removed from 
the heat but stirred for a further ten minutes. The suspension was sieved through a 63pm 
sieve and the fines retained in a bottom pan. These were returned to the beaker and diluted. 
The coarse fraction was dried and weighed. The diluted suspension was vigorously stirred 
for a further ten minutes and then immediately loaded into the sedigraph.
4.3.3.  PARTICLE SHAPE
Light microscopy techniques were used to observe the particle size distribution and 
particle shapes of the materials. This method was only useful for coarse particles with a 
minimum size of about 50 pm, such as sand particles. A Hitachi S-2300 scanning electron 
microscope (SEM) was then used to obtain information on particle size and shape from 
carbon coated material. Images were digitised via an Oxford Link/Isis computer package, 
allowing further analysis.
4 .3 .4 . PFEFFERKORN PLASTICITY TEST
The Pfefferkorn plasticity test is traditionally used to obtain a characteristic curve of 
plasticity for a clay. Using a Toni-Technik Pfefferkorn rig, several blocks of a clay paste, of 
varying water contents, were formed into 40 mm high cylindrical test specimens and 
compressed by one blow of a dropping stamp, weighing 1192 g and dropped from a height 
of 186 mm. The residual heights of the blocks were measured.
4 .4 . M A R S E I L L E  R O S E  M I X  C H A R A C T E R I S A T I O N
4.4.1 .  COMPOSITION
XRD and XRF analyses were carried out on two samples, to determine the 
mineralogical and chemical compositions of the mix. The chemical composition of the 
blend is given in Table 4-1, along with the composition ranges of principal French clays for 
the heavy clay industry (Triat, 1982). The mineralogical analysis is given in Table 4-2. 
‘Smectite’ refers to smectite and vermiculite and their mixed layer varieties with mica. 
Mica, clay mica and illite are used synonymously for the mica group minerals that occur in 
the clay fraction. Mixed-layer minerals containing chlorite are not quantified in the
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calculations, but they are dealt with qualitatively in the results table. The sand is mainly 
silica, in the form of quartz.
Table 4-1: chemical composition in weight %.
Marseille French clays
Mineral Blend min. max.
Silica (SiCL) 45.40 35 80
Alumina (AI2O3) 14.30 8 25
Titanium oxide (TiCL) 0.57 0.3 2
Iron oxide (FeiCL) 4.89 2 9
Lime (CaO) 14.55 0.5 15
Magnesia (MgO) 2.27 0 3
Sodium oxide (NaiO) 0 .2 1 0 .1 1
Potassium oxide (K2O) 2.40 0.5 5
Loss on ignition 15.45 3 18
Table 4-2: mineralogicalcomposition in weight %.
Non-clay minerals (< 2pm) MR blend
Quartz 29.9
Feldspar -
Calcite 28
Dolomite 4.2
Haematite -
Total 62.1
Clay minerals (< 2pm) MR blend
Kaolin 4.5
Smectite 19.5
Clay mica 1 2 .2
Chlorite 1.7
Total 37.9
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XRD and XRF results for the Marseille material were checked according to the 
consistency check model developed at Lafarge-Braas R&D. The model used PSD and 
relationships between chemistry and mineralogy to highlight whether any one of the data 
sets were inconsistent. The use of the consistency software is particularly useful to verify 
XRD data. While XRD identification of a single ‘pure’ crystal is relatively straight 
forward, the identification of mixtures of impure materials becomes considerably more 
difficult. It has been shown that the errors in the quantification of the mineralogy of a clay 
sample can be of the order of ± 20 % (Monaghan, 1998).
The clay content, as defined above (< 2 pm), of the MR blend is approximately 38 wt 
%. The blend shows a moderate to low S i0 2 content, which is beneficial for the mix, 
because it means that the mix does not contain a lot of free quartz. The AI2O3 content is 
moderate, and from the Al20 3-S i0 2 ratio there is an indication that the mix should have a 
sufficient clay content. Fe^ Cfy and CaO determine the fired colour. The Fe20 3  content will 
give a strong red colour, whereas the CaO content gives a yellow colour. These results are 
in agreement with the resulting rose colour. As the CaO content is high, lime blowing 
problems are likely to occur. IC20  is associated with the clays, especially mica clay, 
whereas MgO is associated with the carbonate in the form of dolomite [CaMg(C03)2]. 
Very high loss on ignition (LOI) is expected as it is associated with the carbonates. The 
clay from the Marseille region is indeed characterised by a very high lime content which 
confers a high loss on firing according to the equation:
C aC03 + heat => CaO + C 0 2 T (4-2)
4 .4 .2 . PARTICLE SIZE DISTRIBUTION AND PARTICLE SHAPES
The Marseille rose blend had already been crushed, screened and roll-milled in the 
works to an aggregate size of approximately 1 mm before being shipped from France to 
England in two ‘big bags’. Although measurement of the thickness of laminated aggregates 
dried at 110 °C confirmed an average thickness of 1 mm, the uniformity of the blend might 
have been altered during its handling and transportation. Therefore another mixing stage 
was done at Lafarge-Braas R&D. The material was taken out from the. bags by slicing them 
open thus allowing a first mixing of the clay by an hourglass effect followed by further 
mixing using a shovel.
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After drying at 110 °C, the particle size distribution o f the clay only and o f the blend o f  
clay and sand were investigated by wet sieving and sedigraph analysis (Figure 4-1 and 
Figure 4-2). The sand PSD was only measured using wet sieves (Figure 4-3).
Summary of PSD
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Figure 4-1: particle size distribution of the Marseille cla\\
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Figure 4-2: particle size distribution of the Marseille blend.
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The PSD from the wet sieves is an average o f five analyses. The results from the 
sedigraph are the average o f two analyses whose consistency was assured by two runs o f  
data for each. The results show a typical clay distribution. This distribution is very wide, 
with the majority o f particles between 3.6 and 8.0 pm. In the case o f the mix, a similar clay 
distribution is again observed but there is a second peak in the coarse region corresponding 
to the sand. A value o f about 6  wt % sand can be deduced from the curve, which is 
consistent with the blend composition. The PSD summaries show that the fine clay content 
(< 2 pm) is 25 wt % only. This sub-2 pm value is different from the value obtained from 
XRD. This is due to differences in separation techniques, i.e. sedimentation and sieving, and 
analytical error o f 5 %.
Generally, sands for clay roof tile manufacturing have about 70 wt % o f particles in the 
500 to 200 pm range. Particle sizes o f the MR material were consistent with this 
observation. Furthermore, the wet sieve analysis o f the sand showed that about 90 wt %  o f  
the particles have a size between 500 and 125 pm.
Figure 4-3 : particle size distribution of the Marseille sand.
62
Chapter 4 - MATERIALS
Light microscopy showed a large dispersion in particle sizes but, as clay particles 
could not be observed, SEM images were then used. At low magnification (Figure 4-4 and 
Figure 4-5), coarse particles of size between about 500 and 100 pm were noticeable. The 
sand particles are smooth and equiaxed. The other large particle could be sand coated by 
clay, clay aggregates or feldspar. The flaky particles are likely to be clay aggregates 
whereas the more rounded could also be clay on sand.
Figure 4-4: secondary electron SE M  image of the Marseille mix particles ( X 50).
The use of higher magnification allowed more detailed observation of the particle 
shapes. Details of the surface of the massive clay aggregate from Figure 4-5, which is about 
2 mm along its longest axis, are shown in Figure 4-6. The clay particles have the shape of 
flakes, with two large dimensions of at most 1 0  pm and a thickness of a few tens of 
Angstroms.
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Figure 4-5: secondary electron SEM  image of the Marseille mix particles ( X 50).
Figure 4-6: secondary electron SEM image of the surface of a clay aggregate (x 2000).
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4.4.3. PLASTICITY
The Pfefferkom curve showing the sample residual height as a function o f the water 
content expressed on a dry basis is given in Figure 4-7. It should be noted that all water 
content percentages will always be expressed on a dry basis in the rest o f this study, unless 
specified.
Figure 4-7: Pfefferkom curve for the Marseille mix.
The curve shows that the works water content (18 wt %) corresponds to a value o f  
27.5-28 mm in the Pfefferkom test. Generally, values between 26 and 31 mm are found for 
materials pressed with rubber moulds, whereas the range shifts to 21-28 mm in the case o f  
plaster moulds. In reality, the Marseille mix water content is defined with a variation o f ± 1 
wt %. For 17 wt %, the residual height is about 30 mm, and for 19 wt % it becomes 
approximately 25.5 mm. This clearly shows the influence o f moisture variation on the 
plasticity o f the tiles.
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4 .5 . M A N G A N E S E  P I G M E N T  C H A R A C T E R I S A T I O N
4.5.1. COMPOSITION
The manganese pigment used in this study (Emenox T 300, Minemet France) was 
supplied by the Marseille works. The chemical composition, obtained from the 
manufacturer, is given in Table 4-3.
Table 4-3: Chemical composition (main elements) of the Emenox T 300 manganese pigment.
Minerals Minimum composition 
(wt %)
Maximum composition 
(wt %)
Mn0 2 72 76
MnO 2 4
Fe2C>3 1 1.5
A120 3 1.5 2
BaO 2.5 3.5
S i0 2 8 1 0
k 2o 0.5 1
4.5.2. PARTICLE SIZE DISTRIBUTION AND PARTICLE SHAPE
After drying at 110 °C, the particle size distribution of the manganese pigment was 
investigated by sedigraph analysis (Figure 4-8). The results from the sedigraph are the 
average of two analyses whose consistency was assured by two runs of data for each. The 
whole of the manganese material passed through the 63 pm mesh during the sample 
preparation, confirming that it was made of fine particles and that preliminary wet sieving 
was not required. The results showed quite a wide distribution, with the majority of the 
particles between 20 and 26.7 p,m. The PSD summary showed that the fine particle content 
(< 2  pm) was 16 wt % only.
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Figure 4-8: particle size distribution of the manganese pigment.
The manganese pigment had a very different PSD to the Marseille material and thus 
might behave differently during pressing. However, there were two reasons for still using it. 
Firstly the amount o f manganese pigment was chosen accordingly as not to significantly 
disturb the fines content o f the mix, which is inherent to the plastic behaviour. It can be 
noticed from the above PSD analysis that the amount o f fines added to the Marseille 
material while using the manganese pigment was only o f 0.3 wt % (16 % o f 2 wt %). Such 
a tiny quantity was within the error o f measurement during preparation and probably within 
the intrinsic fines content variation due to the natural character o f the material. Secondly, 
the use o f the manganese pigment merely had to be accepted as it would have been 
impossible to find a pigment with the same PSD as the clay material.
Manganese pigment particles were also observed by secondary electron microscopy. At 
low magnification the large distribution in size was observed (Figure 4-9). The SEM image 
at a higher magnification (Figure 4-10) revealed that the large equiaxed particles are 
probably aggregates o f smaller particles.
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Figure 4-9: secondary electron SE M  image of the manganese pigment ( X 100).
Figure 4-10: secondary electron SEM image of the manganese pigment (x 2000).
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4.6.  S A M P L E  P R E P A R A T I O N  F O R  P R E S S I N G  E X P E R I M E N T S
After mixing of the blend received from the Marseille works, the whole amount of 
clay (approximately 1 tonne), was loaded into several trays and put in a drier at 110°C for 
four days. Control samples were used to record the moisture content. After complete 
drying, the clay was stored in two large plastic bags in sealed containers. The amount of 
material required to prepare the test samples was taken out of the containers before each 
pressing job. Mixing was conducted in a small Eirich RV 02E mixer according to the 
following procedure. Six kilograms of dry material were loaded into the dry and clean 
mixer, where it was pre-mixed for one minute with slow pan and agitator speeds. 
Manganese pigment was added during this stage, if required. Then water was added slowly 
into the centre of the pan using a funnel of the appropriate size whilst the mixer was 
running. After addition of water was complete, mixing continued for three minutes, with 
high pan speed and low agitator speed, to homogenise the material. This procedure was 
repeated until the required amount of material was obtained (typically 12 to 24 kg per 
pressing job). The mixed material was then kept in a sealed bag and left for 24 hours for 
the water to diffuse and be uniformly distributed in the material. This stage is called 
‘ageing’ or ‘tempering’ in the industry.
After ageing, the prepared material was extruded using a Bennett & Sayer de-airing 
bench extruder fitted with appropriate dies. The extruder parts were dry and clean to avoid 
contamination of the material and to achieve a good vacuum. The clay column was 
recycled and rerun through the extruder three times. Some pieces of extrudate were used 
for moisture content measurement, whilst the rest was cut with a piano wire to the desired 
dimensions (i.e. to a bat width of 22 mm). Specimens were then wrapped in cling film for 
conservation of the moisture content until testing which proceeded the same day. This very 
procedure was maintained consistently to avoid any potential moisture loss or ageing.
4.7.  T H E R M A L  T R E A T M E N T S  O F  T H E  P R E S S E D  B A R S
After pressing the samples were left to dry for 24 hours at room temperature and were 
then placed for at least a further 24 hours in a Gallankemp BS 250 size 2 oven set at 110 
°C. After drying, the samples were fired in a K & F electric kiln. The firing profile is 
presented in Figure 4-11.
In order to avoid cracking of the samples, another drying stage at 110 °C was used 
before the actual firing. The temperature rate for the firing was set to 100 °C/h. The top
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temperature equalled the top temperature used in the Marseille works for this material, i.e. 
1020 °C. The dwell time at the top temperature (4 h) was also similar to the one used in 
Marseille. The cooling was controlled in order to go through the quartz phase transition 
point (573 °C) at a cooling rate o f 50°C/h. This rate should minimise, if not avoid, the risks 
o f cracking associated with the transition.
F i r i n g  P r o f i le
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100 °C/h /
f  \
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Figure 4-11: typical firing profile and temperature curve.
Some samples were also ‘underfired’ to a top temperature o f 800 °C with a two hour 
dwell time according to the profile in Figure 4-12.
Figure 4-12: underfiring profile.
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Straight after firing the bars were dipped in tap water and remained in the tank for 48 
hours to try to minimise lime blowing (Monaghan et al., 1996-a and 1996-b).
4.8.  S A M P L E  P R E P A R A T I O N  F O R  S E M
The selected area to observe was cut from the fired clay body using a diamond saw. 
The cut piece was then washed in clean water and dried slowly in an oven at 110 °C. In the 
case of green or underfired material, a more volatile solvent had to be used, such as IMS.
The cut piece was then cast with resin in a suitably sized polythene container. Vacuum 
was used to impregnate the pores or voids of the clay sample with resin. Once the resin was 
cured, the sample was cut in a thinner piece suitable for the SEM chamber. The excess 
resin was cut or ground off until a flat surface was obtained. The sample was then polished 
on silicon carbide discs of decreasing grain sizes of 140, 53, 25 and 12 pm. The final 
polishing stages were done with abrasive diamond paste of decreasing grain sizes of 6  to lA 
pm. After having cleaned the sample and checked its surface finish using light microscopy, 
it was carbon coated and mounted on a stub for SEM observation.
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Chapter 5- DESIGN OF A PRESSING RIG
5 D ESIG N  O F A PR E SSIN G  R IG
5.1.  I N T R O D U C T I O N
As it was impractical to press roof tiles in such a way that some aspects of the clay 
flow could be studied, a piece of equipment had to be designed. The next section deals with 
the choice and definition of the sample geometry, followed by the design of the pressing rig 
and the choice of press. The casting of the mould jaws is then treated. The preliminary tests 
of the mould and the first modifications are presented. This is followed by a comparison of 
the characteristics and microstructure of tiles and bars. Conclusions on the validation of the 
samples pressed on the rig are given in the last section.
5.2.  G R E E N  S A M P L E  D E S I G N
The sample had to reproduce a weak zone noticed on tiles, i.e. locks. The chosen shape 
was a flat section with two lock-like features. A small width, wg, was required in order to 
develop clay flow in only one direction, but it still had to be large enough to be cut 
lengthways down the middle, to observe the clay flow. A 22 mm width was thus adopted. 
The thickness, tg, was set equal to the mean tile thickness, i.e. 12 mm. Two features were to 
be located on the sample to reproduce a double interlock, but instead of having one after 
the other, one was located at one end of the sample and the other was located about 30 mm 
in from the other end.
It was intended to use marking techniques during the pressing to visualise the clay 
movement. Different methods were envisaged, such as pigments, coloured sand, gridlines, 
dyes, or different coloured clays. Colouring was discarded because the liquid dye would 
quickly diffuse due to the water phase in the paste. Ink from gridlines would also diffuse a 
little, but this method could still be useful on the surface of the samples, especially to 
investigate the possible shear of the features (Francis, 1993). Pigments, sand or other 
coloured clays might change the rheology of the sample, generally or locally. Thus, the use 
of inserts of the same basic clay, but of a different colour (i.e. by adding a small amount of 
manganese pigment), seemed to be the best method, provided that the pigment content was 
small enough not to significantly disturb the fines content. The inserts needed to be placed
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such that there would be sufficient flow so a sample length, lg, o f 150 mm was chosen. 
Figure 5-1 shows the green sample as defined above (lg = 150 mm, wg = 22 mm and tg = 12 
mm). A total shrinkage o f 6  to 7 % for the Marseille mix would give a fired body o f about 
140 x 20.5 x 11.2 mm.
Figure 5-1: a schematic o f the green sample.
The designation code for the features, used during the analysis o f  the pressing tests in 
chapters 5 and 7 and of the durability tests in chapter 8  is shown in Figure 5-2, The letter 
* Y’ denoted the feature at the very end o f  the bar, whereas the letter ‘X* denotes the feature 
closer to the centre o f the bar.
Figure 5-2: definition of the features.
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5.3.  D E S I G N  O F  T H E  P R E S S I N G  R I G
A pressing rig had then to be designed to form such samples. Observation o f the flow 
during pressing was deemed to be desirable. The visualisation o f the clay flow into and 
through the feature would be permitted by using a transparent perspex viewing screen 
(Figure 5-3).
Figure 5-3: pressing rig.
Upper and lower mould jaws had to be designed for the use o f  rubber moulds. Epoxy 
resin would be cast in the jaws, and the rubber sheet would be fixed on top o f the resin. In
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Marseille, the edges o f the upper mould are covered by the rubber lining, whereas the 
rubber sheet is fixed under metallic edges on the lower mould. This allows the frame cutter 
o f the suction head to cut off the flash from the green tile. Metallic edges are thus required 
on the edges o f  the lower mould for the rubber rig.
The ability to work in either an open or a closed mould configuration was also required 
for the rig. Therefore, open or closed side plates were added, which would also guide the 
upper jaw during its stroke (Figure 5-4). In the open configuration, a 4 mm gap in between 
the moulds was used, which is identical to the works process.
Figure 5-4: side view of the pressing rig.
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The loading and removing of the sample through a window in the viewing screen were 
first envisaged, as each test might have been quicker to set up. This required, however, too 
complex a design. As plain metal and perspex plates were preferred for economical and 
safety reasons, the original design of the pressing rig had to be revised. The whole pressing 
rig was made of steel, except for the perspex viewing screen. It consisted of a plain plate 
for the back and a plain perspex plate for the front, in between which test samples would be 
pressed by the moulding jaws. The back and front plates were tightened together by eight 
bolts, increasing the time required to access the actual working surface of the jaws in the 
mould. In fact, there were two perspex screens at the front, one 25 mm thick for the 
pressure resistance of the rig and an inner, thinner 3 mm one which could be replaced as it 
became scratched. A sprayed silicone oil was also used as a lubricant during pressing.
As the use of a mechanical testing machine was planned, the pressing rig was designed 
to be fitted on the base of an Instron 4208 so that perfectly horizontal and parallel moulds 
could be achieved, avoiding extra shear due to the setting of the rig.
Typical industrial characteristics of a roof tile press were estimated by considering a 
80 tonne capacity press with a stroke length of about 150 mm, working at 17 strokes per 
minute (st/min) used for the manufacture of tiles of 0.1 m2 (10 tiles/m2). This corresponds 
to a maximum stress of 8  MPa and a pressing velocity of 5100 mm/min. This later figure is 
averaged over the full stroke. In reality, the mould moves downwards very quickly and 
slows down for the pressing before being in contact with the clay bat. The actual pressing 
speed is thus much slower than the average working speed of the press. Coarse timings 
during the Marseille works visit have shown that the pressing of the clay bat itself, from a 
bat size of about 24 mm, to the green tile thickness of about 12 mm, never took less than a 
second. Considering a reduction of 12 mm in one second, the pressing speed then 
approximated to 720 mm/min. This was also found to be consistent with some Bongioanni 
data (Bertola, 1994) for their presses, working at 14 strokes per minute, which gave a speed 
of about 1125 mm/min at 30 mm before the end of pressing, 855 mm/min at 20 mm, 500 
mm/min at 10 mm, and 315 mm/min at 5 mm before being nil at the end of forming. A 8  
MPa maximum stress on the tile corresponded to a load of 26.4 kN which would be well 
within the Instron 100 kN load cell limit. The Instron 4208 testing machine, which has a 
maximum cross-head speed of 250 mm/min, would thus fulfil the initial loading 
requirement for this study but could not match the pressing speed requirement. It would be 
used to validate the pressing rig and investigate the clay behaviour at low forming speeds
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whereas a faster machine, with speeds up to 300 m/min, could possibly be used later at the 
National Physical Laboratory (NPL).
5.4. CASTING OF THE MOULD JAWS
The casting rig consisted o f a plate on to which the jaws were locked around a metallic 
replica o f the sample (Figure 5-5). The resin was cast and left to cure before releasing the 
jaws. Vaseline grease was used on the base plate and the metallic replica as a release agent. 
It was chosen after having tested no lubrication at all and several lubricants, such as silicone 
oil, grease, and Teflon.
Figure 5-5: casting rig.
The mould jaws were first cast with a Araldite 2012 epoxy resin but this showed some 
curing problems. The end o f the pour took more than two weeks to set. In the meantime, 
the characteristics o f this resin were obtained and concern about its strength was expressed. 
The resin was thus broken from the mould, the jaw cleaned and the rig prepared for another 
casting. The Marseille works epoxy resin was then used. It is a black Axon EPO 5019 hard 
epoxy resin, which is wear-resistant and has also a very high resistance in compression.
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Again, there were some curing trouble at the location o f the end o f the pour. The cast jaws 
were left for a week to set completely, helped by heat. After the jaws were released and the 
surface finish o f the cast resin had been carried out, the feature counter-locations were 
checked carefully. The rubber sheets were supplied by the Marseille works and attached in 
the same way as in the works: fixed under the edge strips o f the bottom mould and held 
over the upper mould.
5.5.  O P T I M I S A T I O N  O F  T H E  U S E  O F  T H E  P R E S S I N G  R I G
The pressing rig was first tested using the Instron (Figure 5-6) with a 120 x 22 x 23 
mm bat o f BC material. For this pressing test, inserts were 15 mm wide and located at 30 
mm from each end o f the bat (Figure 5-7).
Figure 5-6: pressing rig on the Instron testing machine.
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Figure 5-7: clay bat before pressing.
The pressing o f the sample was satisfactory (Figure 5-8) but there was more friction on 
the back steel plate than on the front perspex plate due to differences in roughness. Another 
thin perspex plate was thus added at the back to balance the friction in subsequent runs.
Figure 5-8: green sample after pressing.
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The upper rubber lining was too loose and led to an excess of rubber folding into the 
top of the right hand side feature during pressing. The length of the upper rubber band was 
therefore reduced although at that stage it was still hanging loose from the upper jaw 
surface. Another pressing test proved that the rubber sheet still caused problems and yet 
again needed to be adjusted but that otherwise the press was able to work with rather dry 
clay bats (15.5 wt % moisture content).
The program for the Instron package was also set up in order to obtain load- 
displacement data. The raw data would later be processed in order to produce satisfactory 
load-displacement curves. Photographs or videos of the flow would also be taken during 
pressing, which might imply the use of a high speed camera.
5.6.  C O M P A R I S O N  O F  P R E S S E D  S P E C I M E N S  W I T H  T I L E S
Bats having similar characteristics to the ones used in Marseille were pressed in 
similar conditions, apart from the pressing speed and were dried and fired according to a 
similar firing temperature profile. Water absoiption measurements could not be used for 
comparison as tiles were silicone dipped in Marseille during the final stage of manufacture. 
Comparisons of microstructures were then undertaken.
Several samples for scanning electron microscopy (SEM) were prepared and observed 
at different magnifications. Marseille tiles and laboratory bar samples generally looked 
similar at low magnification (Figures 5-9 and 5-10). Similar features, such as large light 
clay areas, were observed for both types.
At a higher magnification, general trends in possible clay alignments were noticeable 
in both types of sample (Figures 5-11 and 5-12), depending on where in the sample or tile 
thickness the SEM images were taken. These alignments acted as possible indications of 
flow patterns. Pore sizes and shapes were similar as well, but the vitrified clay matrix 
looked more ‘flaky’ in the tiles than in the bars; in the bars the clay body seemed to be 
more vitrified.
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Figure 5-9: back scattered electron SEM image o f a Marseille tile ( x  60).
Figure 5-10: back scattered electron SEM image of a specimen pressed at Lafarge-Braas R&D (X60).
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Figure 5-11: back scattered electron SEM image o f a Marseille tile ( X600).
Figure 5-12: back scattered electron SEM image of a specimen pressed at Lafarge-Braas R&D (x 600).
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5.7.  C O N C L U S I O N S  O N  R E P R O D U C I B I L I T Y
Subject to pressing speed limitations, the key features of the works process have been 
reproduced in the laboratory bar samples. Examination of the bar microstructure and 
comparison with the microstructure of tiles showed that, although there may be differences 
in the structure of the transformed clay phase, there was sufficient general resemblance to 
validate the reproducibility of the products. Hence, the pressing rig was suitable for use in 
the laboratory to assess the pressing parameters and study the feasibility of a closed mould 
process.
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6 C O M PR E SSIO N  TESTS
6.1. I N T R O D U C T I O N
This chapter is concerned with uniaxial compression tests of cylinders and rings. 
Uniaxial compression tests were conducted in order to assess the MR clay behaviour under 
large deformations. The influence of the moisture content of the clay and of the cross-head 
speed, or pressing speed, on the clay deformation could also be evaluated. Four sets of 
tests, carried out over a range of works pressing speeds, as defined previously, are 
presented. The ring compression tests were undertaken in order to assess the coefficient of 
friction of the clay and are referred to as ‘friction tests’ in this study. Friction coefficients 
of the MR clay paste against plaster, rubber and Teflon are presented.
6.2. U N I A X I A L  C O M P R E S S I O N
6.2.1. EXPERIMENTAL DETAILS
The test details are summarised in Table 6-1 and Table 6-2. Four sets of cylindrical 
test specimens, of diameter of 45 mm, were extruded at Lafarge-Braas R&D. Samples from 
set A consisted of cylinders of MR at 17.7 ± 0.2 wt % moisture content, with an initial 
height of 90 mm, whereas the other sets of samples consisted of cylinders at three different 
moisture contents (16.8 ±0 .1 ,  18.7 ±0 .1  and 20.5 ±0 .1  wt %) and initial heights of 50 
mm. Testing of set A was carried out on an Instron model 1343 mechanical testing 
machine at the NPL and the other sets were compressed on an Instron model 4208 at 
Lafarge-Braas R&D. All sets were compressed between two oiled Teflon plates to a final 
height of half their initial height.
At the NPL, tests were mainly conducted with a pressing speed of 6000 mm/min; 
however, a specimen was also compressed for each of the following cross-head speeds: 
240, 480, 1000 and 3000 mm/min. A range of slower cross-head speeds was used at 
Lafarge-Braas R&D where specimens were typically compressed at 240, 120 and 50 
mm/min.
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Table 6-1: uniaxial compression test details
Set A Set B SetC SetD
Moisture content (wt %) 17.7 16.8 18.7 20.5
Initial diameter, do (mm) 45 45 45 45
Initial height, ho (mm) 90 50 50 50
Final height, hf (mm) 45 25 25 25
do/ho ratio 0.5 0.9 0.9 0.9
Table 6-2: speed range fo r  the uniaxial compression tests.
Set of samples Cross-head speed (mm/min) Number of tested samples
A 6000 3
A 3000 1
A 1 0 0 0 1
A 480 1
A 240 1
B 240 3
B 1 2 0 3
B 50 3
C 240 3
C 1 2 0 3
C 50 3
D 240 3
D 1 2 0 3
D 50 3
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6.2.2. CALCULATIONS
Although a certain degree o f bulging was observed during the deformation, the true 
stress applied to the cylinder was calculated assuming that the change o f cross-section was 
linearly proportional to the reduction in height. The true stress (a) and strain (s) were 
obtained by:
where F is the load, A is the cross-section area and h is the height o f the specimen (Figure
JF
A (6-1)
and
e = In -— 
vh0;
(6-2)
6-1).
Assuming conservation o f volume:
A ll A 0h 0 (6-3)
thus
(6-4)
Load 7
a
Initial sample piece Under compression
Figure 6-1: a schematic of the compression test (for the calculation of stress and strain).
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At any stage of the deformation the shear stress (x) on the slip planes is equal to:
Fe
t = - ~  (6-5)
9
where Fg and A q ai'e the force and area, on which the force acts, on the slip planes (Figure 
6-2). Their expressions are given in equations (6-6) and (6-7):
F0 =FsinB (6-6)
( 6 - 7 )
where 0 is the angle of the slip plane to the compressive axis.
Thus equation (6-5) becomes:
F sin 0 cos 9
x = — —   = a • sm 0 cos0 (6-8)
F sin 0 ft
F cos 0 -___ - >
Area 
A 
cos 0
F sin 0 > \
F cos 0 -__
Area A
Figure 6-2: a schematic o f a compressive stress, F/A, producing a shearing stress, r, on an inclined plane
in the stressed material.
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For plastic deformation to occur, at any stage of the deformation the shear stress (t) on 
the slip planes has to be equal to the shear yield strength (k). Assuming the Tresca criteria 
of plasticity be satisfied, the shear stresses have their maximum value on planes at an angle 
of 45 ° to the compressive axis (Figure 6-3). The shear yield strength, k, is thus expressed 
as a function of the compressive yield strength, ay, by:
k = Y  (6-9)
6.2.3. RESULTS AND DISCUSSION
6.2.3.1. Sample observation
Specimens were examined by eye for slip lines at their surfaces. Slip lines were noticed 
on some of the samples but were less obvious than on previous samples produced at 
Lafarge-Braas R & D  (Yang, 1996-a). For samples pressed at 6000 mm/min (Figure 6-4), 
slip lines were probably very fine and close together as they were hardly noticeable. In the 
case of the sample pressed at 3000 mm/min (Figure 6-5), fine and closely spaced slip lines 
were slightly more noticeable. As the compression speed decreased, slip lines became more 
visible (Figures 6-4 to 6-8). The thickness of the lines and the spacing between them 
increased. The slip lines were oriented at about 50 ° to the horizontal plane.
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Figure 6-4: photograph o f a sample compressed at 6000 mm/min.
Figure 6-5: photograph of a sample compressed at 3000 mm/min.
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Figure 6-6: photograph o f a sample compressed at 1000 mm/min.
Figure 6-7: photograph of a sample compressed at 480 mm/min.
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Figure 6-8: photograph o f a sample compressed at 240 mm/min.
Compressed specimens from sets B, C and D  were also examined for slip lines at their 
surface (Figures 6-9 to 6-11). Slip bands were clearly observed for all the samples and were 
oriented at an angle of 40-50 degrees to the horizontal plane. For each set, the samples 
compressed at a slower speed presented fewer, bigger, and wider spaced slip lines than 
samples compressed at a higher speed. The tendency to have a less continuous deformation 
increased also when the water content decreased, for a given compression speed.
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Figure 6-9: photograph of samples from set B (16.8 wt %).
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Figure 6-10: photograph of samples from set C (18.7 wt %).
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Figure 6-11: photograph o f samples from set D (20.5 wt %).
96
Chapter 6- COMPRESSION TESTS
6.2.3.2. Stress-strain analysis
Raw data were obtained from the Instron testing machines. They consisted of the load 
read by the Instron load cell and displacement of the cross-head. Correction was applied to 
the cross-head displacement in order to make the origin of the displacement correspond to 
the contact between the sample and the upper platten. Stress-strain data were calculated 
from the corrected load-displacement data using equations (6-2) and (6-4). It should be 
noted here that it was quite difficult to locate precisely the origin for the load-displacement 
graphs and therefore also for the stress-strain graphs. The origins of the graphs were thus 
arbitrary and might create scatter in load and stress levels. Hence, more attention should be 
paid to the shape of the curves.
The force-displacement and stress-strain curves for set A  are presented in Figures 6-12 
and 6-13. The day paste generally behaved as an elastic-plastic body. First, it behaved as an 
elastic body up to a pseudo yield point, then a transient stage followed until it reached a 
rigid-plastic-type behaviour at larger deformation. Yielding happened very quickly after 1-2 
%  deformation and reached a plateau value after about 20-25 %  deformation. It was in fact 
not a real plateau and stress value tended to decrease slightly for the very large 
deformations.
 e4 @  6000 mm/min
 e7 @  6000 mm/min
 e8 @  6000 mm/min
 e !2  @  3000 mm/min
 e l l  @  1000mm/min
 elO @  480 mm/min
 e9 @  240 mm/min
0.6
0.4 Z 9 o -J
0.2
U n iax ia l com pression - M R  17.7 wt %
Displacem ent (m m)
Figure 6-12: force-displacement curves for samples from set A.
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Figure 6-13: stress-strain curves for samples from set A.
The influence of the pressing speed was also investigated. The curves corresponding to 
the samples pressed with speeds in the range of 240-3000 mm/min were very similar and 
were not in any specific order with regard to the pressing speed. The stress plateau, for the 
samples compressed at a speed in the range of 240-3000 mm/min was between 260 and 280 
kPa, whereas it was between 300 and 350 kPa for specimens compressed at 6000 mm/min. 
The pressing speed did not seem to be a relevant parameter in the 200 to 3000 mm/min 
range whereas a viscous effect probably became more dominant at the higher speed of 6000 
mm/min.
Force-displacement and stress-strain plots for sets B, C and D  are shown in Figures 6- 
14 and 6-15. Here again, similar shapes of curve, as observed for the previous set, were 
obtained. Yielding started after 1-2 %  deformation and reached a linear behaviour after 
about 20-25 %  deformation. From Figure 6-14, the pressing speed was observed to have no 
significant effect on the clay behaviour over the range 50-240 mm/min. The moisture 
content of the test samples, however, had a significant influence on the clay behaviour. 
Three bands of results could be clearly observed, corresponding to the tests at 16.8, 18.7 
and 20.5 wt %  moisture content. The stress generally increased as the moisture content 
decreased. The values of the stress at 2 %  deformation, Go.02, for samples pressed at 240 
mm/min were tabulated and are discussed in the next section.
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Figure 6-14: force-displacement curves for samples from sets B, C, and D.
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Figure 6-15: stress-strain cur\>es for samples from sets B, C, and D.
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Considering the typical pressing speed range stated in section 5.3, the pressing speed 
was not considered to be a significant variable in the case of M R  material over the 16.8- 
20.5 wt %  moisture content range. As the clay paste appeared to behave like an elastic- 
plastic body rather than like an elastic-visco-plastic body, the pressing speed will be 
disregarded in the rest of this study, and the tests always carried out at an arbitrary but 
constant speed of 240 mm/min.
6 . 2 . 3 . 3 .  Shear  s t r eng th
It has been seen in equation (6-9) that in uniaxial compression testing, the yield 
strength in pure shear, k, of a material is related to its compressive yield strength such that:
It is, however, difficult to define a precise compressive yield strength, i.e. departure 
from linearity from the given experimental data. Thus, the value corresponding to 2 %  
deformation (O0.02) was first chosen as a standard for comparison purposes. These values 
are presented in Table 6-3 for sets B, C  and D.
Table 6-3: stress at 2 % deformation for set B, C and D.
Set Sample n° G0.02 measured 
(kPa)
B 2 151
B 3 118
B 4 115
C 11 108
C 12 36
C 13 90
D 20 35
D 21 35
D 22 33
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Large scatter was observed from one sample to the other within the same set under the 
same conditions for sets B and C  such that the stress at 2 %  deformation could not be used 
in this study to approximate the yield strength of the material. An approach similar to that of 
Banno et al. (1996) was then used in which the interception of the linear part of the stress 
curve with the stress axis when plotted as a function of the aspect ratio of the test specimen 
(Figure 6-16) was used as indicative of the value of the yield stress. Values from set A  were 
not considered because the geometry of the sample created unstable stress-aspect ratio 
curves.
U n iax ia l com pression - M R  material (a>. 240 mm/min
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Figure 6-16: stress-aspect ratio curves for sets B, C and D.
Yield strength values were thus tabulated (Table 6-4) for sets B, C and D  and showed 
more consistent results, although there was still some scatter due to the arbitrary origin of 
the curves.
Considering the compressive yield strength averaged over all the samples for each set, 
the shear yield strength of the Marseille clay pastes from sets B to D  could thus be deduced 
from the uniaxial strain-stress curves and the results as a function of the water content are 
summarised in Table 6-5. The yield strength decreased when the water content increased.
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This tendency is consistent with the behaviour expected from the literature (Bloor, 1959; 
Beaumel, 1998; Banno et al. 1996).
Table 6-4: yield stress values for sets B, C and D.
Set Sample n° Gy measured 
(kPa)
B 2 261
B 3 221
B 4 217
C 11 169
C 12 131
C 13 141
D 20 86
D 21 64
D 22 65
Table 6-5: shear yield strength of Marseille clay pastes.
Clay paste Moisture content (wt %) G y  (kPa) k (kPa)
B 16.8 233.38 117
C 18.7 147.47 74
D 20.5 72.28 36
6.2.4. LINEAR PLASTIC B E H A V I O U R
Following Banno et al. (1996), the ratios of the slope corresponding to the linear stage 
of the stress-aspect ratio curve over the yield strength (cf. section 2.5.2.2) were also 
calculated and are given as a function of water content in Figure 6-17. They were in the 
vicinity of 17(3^ 3) according to equation (2-2) used by Banno et al.
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MR material - uniaxial compression
0.3 T
■ measured 
♦ Av. (measured)___
0.0  * ' ‘ * 1 * * * * 1 ■ * * * 1 * ■ ■ ■ 1 * * * * 1
16 17 18 19 20 21
Water content (wt %)
Figure 6-17: slope (of the linear stage o f the stress-aspect ratio curve)/crv as a function o f the water
content.
Figure 6-18 presents the results of the stress values calculated using the average yield 
point obtained from the experiments in equation (2-2) and the measured stress values. The 
increase in stress in the later stage of deformation is relatively well expressed by equation 
(2-2).
Uniaxial comnression - MR (o' 240 mm/min
■ 16.8 wt %  (e2)
• 16.8 w t% (e 3 )
A 16.8 w t% (e 4 )
■ 18.7 w t %  (e ll)
♦ 18.7 w t% (e l2 )
A 18.7 wt %  (e 13)
■ 20.5 wt %  (e20)
♦ 20.5 wt %  (e21)
A 20.5 wt %  (e22)
-model (16.8 wt %)
-model (18.7 wt % )
-model (20.5 wt % )
Strain
Figure 6-18: calculated stress-strain curves according to equation (2-2).
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Figure 6-19 presents the same results and the average measured stress values for the 
later stage of deformation only. Discrepancy between the measured and the calculated 
curves might be due to the fact that there is some sliding friction at the interface whereas 
the model assumes a sticking friction condition or to the fact that there is a hardening 
phenomenon developing during deformation of the clay paste.
I'niaxial compression - MR (o' 240 mm/min
■ Av. measured (16.8 wt % )
♦  Av. measured (18.7 wt % )
a Av. measured (20.5 wt % )
 model (16.8 wt % )
 model (18.7 wt % )
 model (20.5 wt °«)
Figure 6-19: calculated stress-strain curves according to equation (2-2).
The equation (2-2) used so far was obtained for a simplified case of homogeneous 
uniaxial compression of a flat cylinder assuming that there is no barrelling of the edges, that 
the axial compressive stress is constant through the height of the cylinder and that a 
condition of sticking friction is satisfied at the top and bottom faces of the cylinder. If the 
friction at the interface is now considered to be some constant fraction, m, of the yield 
strength in shear, then the slope of the stress-deformation ratio is a function of m. The case 
of constant friction is considered in the next section.
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6.3 . F R I C T I O N  R I N G  T E S T S
6 .3 .1 . EXPERIMENTAL DETAILS
Several test methods have been developed in order to estimate the friction stress. One 
of the most commonly used for analysis of the friction conditions is the ring compression 
test. By measuring the relative decrease of the inner diameter and the height reduction of 
the ring, it is possible to obtain a measure of the friction.
Rings of external diameter 45 m m  and a dimension ratio of external diameter: internal 
diameter: height of 6:3:2, as shown in Figure 6-20, were extruded using a Marseille mix at 
17.7 ± 0.2 wt %  water content. The tests were carried out at N P L  on an Instron model 
1343 machine, compressing the rings up to 65 %  deformation between two parallel plates 
under a constant cross-head velocity of 6000 mm/min. Decrease in internal diameter and 
reduction in height were measured for four compression ratios and three sets of plates. One 
set was lined with cast plaster and soaked in tap water until use, another set was lined with 
a piece of rubber sheet, the last set was made out of Teflon.
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6.3.2. C A L C U L A T I O N S
The relative decrease in internal diameter is given by:
d io _ d i
Adj = —“ j (6-10)
io
whereas the height reduction is given by:
h0 - h
A h = +   (6-11)
ho
where dj is the internal diameter of the ring, h is the height of the ring, and the subscript ‘0’ 
denotes the initial value.
By plotting the relative decrease in internal diameter as a function of the relative 
decrease in height, the friction factor at the interface between clay and the plates can be 
estimated. The friction factor is expressed according to a law of constant friction by:
Tj = m k  (6-12)
where x, is the friction stress at the interface, m  is the constant friction factor and k is the 
yield strength of the material in pure shear.
The law of constant friction is very often used for mathematical simplification
purposes as it is independent of the normal pressure on the interface in contrast to
Coulomb’s law of friction:
% - pp (6-13)
where x is the shear stress at the interface, \x is the constant Coulomb’s coefficient of 
friction and p is the stress normal to the interface.
There are numerous experimental analyses of the ring compression test that have 
been conducted to produce sets of calibration curves, showing the relative decrease in the 
internal ring diameter as a function of the height reduction for a given friction condition. It 
is then possible to get a quantitative value of the friction factor from such curves.
The approach used in this study was based on that developed by Wanheim and Bay as 
used by Hansen et al. (1988). Instead of estimating the coefficient of friction, jx, adopting 
Coulomb’s law or the friction factor, m, from the law of constant friction, a general model 
was used as the basis for the analysis. This friction model, which is valid at low as well as 
high normal pressures, is based on a calculation of the real contact area between a smooth 
tool andarough workpiece.
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The law developed by Wanheim and Bay (1978) is given by:
T = fak (6-14)
where f is the generalised friction factor and a  is the real contact area ratio. The real 
contact area ratio had been determined for metal material by using a slip line analysis of the 
deformation of the asperities considering ideal plastic material. The curve representing the 
general friction model coincided with the curve representing Coulomb friction in the lower 
range of normal pressures (p/ay < 1.5) and converged towards the curve representing 
constant friction for high normal pressures (p/ay > 3-4). A  new set of calibration curves 
showing the relative decrease of the internal ring diameter as a function of the height 
reduction with the f-value as parameter was then produced. These curves were generally in 
good agreement with experiments on metals of known friction. However, a tendency to a 
decrease in experimentally observed ‘f value’ with increasing reduction was noticed. This 
might be explained by the influence of strain hardening which had been neglected in the 
analysis.
6.3.3. RESULTS AND DISCUSSION
6.3.3.1. Specimen internal diameter observations
Photographs of the samples are shown in Figure 6-21. When deformed between two 
oiled Teflon plates, the ring expanded outwards and its internal diameter shrank only 
slightly. Whereas when it was compressed between two rubber plates, the decrease in 
internal diameter was more pronounced. This showed that the friction factor was more 
important when the clay paste was pressed between rubber sheets. As expected in the case 
of plaster, the internal diameter decrease was slightly larger, leading to the hypothesis that 
plaster had a slightly higher friction coefficient than rubber. This was in contrast to 
previous observations made at Lafarge-Braas R & D  (Yang, 1996b). Although the pressing 
was quicker, the importance of the lubrication state of the plaster needs to be considered. 
At NPL, the plaster lined plates were over-saturated with water whereas at Lafarge-Braas 
R & D  they were most likely to have been used under-saturated thus giving a much greater 
friction factor for the clay/plaster contact.
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P la s te r R u b b e r
Figure 6-21: photographs o f the compressed rings in increasing order o f compression from top to bottom 
(from approximately 15 % up to 65 % deformation).
6.3.3.2. Friction factor
The chart of generalised friction factors is presented in Figure 6-22. Friction values for 
Marseille clay were low with Teflon plattens; higher with rubber lined plattens and even 
higher with plaster plattens. Typically, with up to about 35-40 %  deformation, Teflon, 
rubber and plaster showed constant friction values at the interface with the clay paste of
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0.3, 0.6 and 1, respectively. At 60-65 %  deformation these figures had dropped to 
approximately 0.2, 0.4 and 0.6, respectively. These results were in good agreement with the 
specimen observations that the friction factors were expected to increase from Teflon to 
rubber and to plaster.
Generalised friction factor - MR 17.7 wt % (S' 6000 mm/min
Decrease in height (%)
Figure 6-22: friction factor as a function o f the deformation ratios.
Discrepancy from the general friction model was observed for deformation higher than 
40 %  which is probably due to a ‘shear hardening’ type phenomenon, although its 
mechanism will be completely different from that in metals. However, as in the case for 
metals, the ring compression test and the above calibration curves are still a useful technique 
to assess the friction for clay materials.
Hence different velocity gradients in the clay bodies are to be expected with different 
mould materials and compression ratios, resulting in different flow textures.
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6 .4 . C O N C L U S I O N S  O N  C O M P R E S S I O N  T E S T S
The uniaxial compression and the ring compression tests proved to be reliable test 
methods to assess the clay plastic behaviour. Assuming a sticking friction condition, the 
shear strength and the slope of the stress-aspect ratio curve could be investigated. This 
results allowed a semi-empirical modelling of the stress-strain curves which might be used 
to approximate the clay behaviour in more complicated cases such as the pressing of the 
samples in this study.
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Chapter 7- PRESSING TESTS
7 PR E SSIN G  TESTS
7 .1 . I N T R O D U C T I O N
This chapter details work with the pressing rig. The pressing rig was used to press 
green samples of 150 x 22 x 12 m m  with two features on the top surface. These features 
were meant to simulate real tile interlocks and looked like large nibs. The behaviour of bats 
with different water contents and dimensions, in open, partially closed or closed rubber 
moulds is addressed.
7 .2 . E X P E R I M E N T A L  D E T A I L S
Details of the series of tests that were carried out are given in Table 7-1. Pressing was 
undertaken with a constant cross-head speed of 240 mm/min. Due to the pressing rig 
design, the bat width was always 22 mm. As a consequence, the bat sizes will always be 
given only in terms of length and thickness (e.g. a bat of 120 x 23 m m  means lb = 120 mm, 
tb = 23 m m  and w b = 22 mm). Mould settings are referred to as ‘R O ’, ‘R p C ’ and ‘R C ’. The 
first letter, ‘R ’, stands for rubber mould and the other letters specify the mould setting: ‘O ’ 
for open, ‘p C ’ for partially closed and ‘C ’ for closed. The term ‘profiled’ is used when the 
bat has been extruded with two nib features prior to pressing.
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Table 7-1: Pressing tests details.
Material Water content 
(wt %)
Length, 
lb (mm)
Thickness, 
tb (mm)
Mould
setting
Samples 
per test
M R 16.5 ±0.2 112 23 R O 7
M R 16.5 ±0.2 150 23 R O 7
M R 16.5 ±0.2 135 17.5 RpC 5
M R 16.5 ±0.2 profiled profiled RpC 7
B C 16.3 ±0.2 112 17.5 R C 1
M R 16.3 ±0.1 112 17.5 R C 6
B C 16,3 ±0.1 profiled profiled R C 1
M R 16.3 ±0.1 profiled profiled R C 5
M R 18.4 ±0.3 112 23 R O 4
M R 18.4 ±0.3 150 17.5 R O 6
M R 18.4 ±0.3 135 17.5 RpC 6
M R 18.4 ±0.3 profiled profiled RpC 6
B C 18.3 ±0.3 112 17.5 R C 1
M R 18.5 ±0.2 112 17.5 R C 6
B C 18.3 ±0.2 profiled profiled R C 1
M R 18.5 ±0.2 profiled profiled R C 5
B C 20.8 ± 0.2 112 23 R O 3
M R 20.7 ± 0.2 112 23 R O 6
B C 20.8 ± 0.2 150 17.5 R O 2
M R 20.7 ± 0.2 150 17.5 R O 6
B C 20.8 ± 0.2 135 17.5 RpC 3
M R 20.7 ± 0.2 135 17.5 RpC 6
B C 20.8 ± 0.2 profiled profiled RpC 3
M R 20.7 ± 0.2 profiled profiled RpC 6
B C 20.4 ± 0.2 112 17.5 R C 1
M R 20.5 ± 0.2 112 17.5 R C 5
B C 20.8 ± 0.2 profiled profiled R C 3
M R 20.7 ± 0.2 profiled profiled R C 5
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7.3 . R E S U L T S  A N D  D I S C U S S I O N
7 .3 .1 . F O R M I N G  O B S E R V A T I O N S
Following the preliminary tests, previously reported in section 5.5, pressing tests were 
undertaken varying only one parameter between each set of tests. Bars of B C  material were 
used in order to observe the deformation pattern within the bar. M N  inserts of 2 m m  length 
were located regularly along the length of the bats. Bad cohesion, i.e. cracks, at the 
interface between the M R  material and the M N  inserts was observed after firing (Figure 7- 
1). This problem was probably due to the fact that the smoothed faces of the clay pieces put 
together before pressing were likely to contain more water than the bulk (Moore, 1962; 
Hodgkinson, 1992).
Figure 7-1: bad cohesion after firing, at the interface between the MR material and the MN inserts.
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In the general case of pressing with flow (i.e. all but the profiled bats in RC), clay was 
trapped in the features during pressing as the mould closed down and then flowed mainly 
within the flat part, or body, of the specimen. This geometrical constraint was clearly shown 
by the coloured clay flow patterns at the end of pressing (Figure 7-2). In the case of profiled 
bats pressed in closed mould, there was hardly any flow possible and the pressing only 
rounded off the features, according to the chosen bar profile.
Figure 7-2: clay flow within the flat part with clay trapped in the feature after pressing with flashing.
In order to obtain more information on the clay flow during pressing, the forming of the 
bars of B C  material was filmed with a digital camcorder. When using rectangular bats of 
lengths 112 and 135 mm, clay was present under the feature X  counter-location whilst there 
was no clay under the feature Y  counter-location, before pressing. At the beginning of the 
pressing, the feature X  formed early on when the deformation of the clay started and the 
clay moved outwards. Then, feature Y  was formed by the flow and flashing started. After 
the bar itself had been formed completely, flashing carried on until the upper mould reached 
its stop. In the case of rectangular bats of 150 m m  length, clay was originally under both 
features. Features X  and Y  were formed almost simultaneously at the beginning of the 
deformation, then flashing developed until the upper mould stopped.
In the case of short rectangular bats, there was a portion of rubber originally free of 
contact with the clay. This portion tended to be pushed outwards by the clay body during
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deformation resulting in a forming fault at the ends of the bars due to the folding of the 
rubber over itself. This tendency was more pronounced (sometimes also penetrating at the 
base of the feature Y) in the case of a stiff paste at 16.4 wt %  water content than in the case 
of a paste at 18.4 wt %  water content and no dragging and folding was observed for the soft 
paste at 20.6 wt %  water content. This tendency was also greater when bats of short length 
were used, hi order to form well-defined samples it was preferable to press bats such that 
clay would be present under or in the vicinity of the feature counter-locations at the start 
and the amount of flow would be minimised. Such observations led to the conclusion that a 
closed mould type pressing would help form well-defined samples. However, it should be 
noted that the rubber problem encountered with the pressing rig was less likely to happen 
in the works as rubber sheets are held against the moulds by vacuum suction. Another 
forming fault was also observed in the case of bars pressed from M R  material at 20.6 wt %  
moisture content. Due to the softness of the clay, the feature Y  was flattened and folded 
towards the centre of the bar by the action of the rubber lining stretching back to 
equilibrium, whilst the upper mould moved back in the upper position. The level of 
moisture content was too high to lead to well formed products.
In the general case of the pressing of the bars, three stages can be differentiated: bulk 
deformation and flow of clay before reaching the gap between the upper and lower moulds; 
the filling of the features; and the flashing of the excess clay material. It should be noted 
that, depending on the test setting, not all three stages may be observed. In the case of the 
R O  mould, the pressing of rectangular bats of 112 m m  length consisted of the three stages 
cited above, whereas for bats of 150 m m  length only the filling of the features and the 
flashing stages occurred. In the case of the RpC mould there was another stage in the 
pressing, a compaction stage, as the flashing of the clay was eventually constrained by the 
side plates located after the mould edge strips. The pressing of bats of 135 m m  length thus 
consisted of four stages of deformation, whereas for profiled bats only the flashing and the 
compaction stages were present. In the case of the R C  mould, the flashing stage was 
intrinsically impossible. Bats of 17.5 m m  thickness had a length of approximately 112 m m  
in order to meet the weight requirement for this test. The pressing of such bats consisted 
then of the three stages of clay flow, filling of the features and compaction whereas for 
profiled bats, the pressing only consisted of the compaction stage where slight differences 
in profile between extruded bat and pressed bar were accommodated. Such considerations 
might have a bearing on the analysis of the load-displacement curves obtained from the 
pressing tests and also on the possible forming-related performance of the bars.
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7.3.2. LOAD-DISPLACEMENT ANALYSIS
7 .3 .2 .1 .  Genera l i t ies
The load-displacement curves for the pressing tests were very consistent between 
samples in a set of tests. The shape of the curve is discussed for each type of test and is 
illustrated by the curve obtained for the M R  material at 18.4 wt %  moisture content. The 
origin of the curves is arbitrary since the cross-head had to move downwards before it came 
into contact with the bat and pressing began. The displacement data were adjusted so that 
as far as possible the origin corresponded to the point of initial contact with the clay body. 
The load reading at this point should also be zero hence any actual reading should be 
regarded as a base level for comparative purposes.
The curves from the pressing tests in the R O  mould are presented inFigure 7-3.
Figure 7-3: load-displacement curves for pressing o f MR (18.4 wt %) in the RO mould.
In the case of the pressing in the R O  mould, the curves for 112 x 23 m m  bats consisted 
firstly of a relatively flat linear portion up to approximately 6.2 m m  of displacement, 
followed by an increase in load. This increase can be sub-divided into two regions, with the 
first occurring up to a displacement of approximately 9.8 mm, and the second, which is
117
Chapter 7- PRESSING TESTS
steeper and almost linear, occurring from there until the end of pressing. For 150 x 17.5 
m m  bats, the curves consisted of an increasing load regime which was linear only in the 
last 2.5 m m  of displacement. No flat linear portion was observed at the beginning of the 
pressing. The whole curve was very similar to the final part of the curve for 112 x 23 m m  
bats. Such observations tend to suggest that the linear final part of the curves for samples 
pressed in the R O  mould corresponded to the flashing phenomenon. The increase before 
this stage might correspond to the excess load required for the clay to start flowing through 
the reduction at the mould strip edges.
Simple calculations based on conservation of volume were used to estimate the 
displacement of the cross-head corresponding to the filling of the mould i.e. the onset of 
flashing for the R O  and RpC moulds. Upper and lower values were calculated: the lower 
value corresponding to the thickness needed to fill the volume of the flat portion of the bar, 
the upper value corresponding to the thickness needed to fill a block of volume equivalent 
to that of the complete bar (i.e. flat portion and features). The theoretical displacement 
during the pressing test is the difference between the theoretical limit values and the initial 
thickness of the bat. For instance, a 112 x 23 m m  bat will reach the mould edge strips after 
a displacement of between 5.8 and 7.0 mm; whereas a bat of 150 x 17.5 m m  will reach the 
same position after a displacement of between 0.0 and 1.2 mm. The assumption that the 
portion of the measured load-displacement curves corresponds to the filling of the mould 
and the beginning of flashing is consistent with these calculations.
In the case of the pressing in the RpC mould (Figure 7-4), the curves for 135 x 17.5 
m m  bats consisted firstly of a small linear portion up to approximately 2.7 m m  of 
displacement, followed by an increase in load. This increase was of the same shape as 
observed for the case of the R O  mould until the last 0.3-0.4 m m  of displacement. There 
was a great scatter for that very last portion of the curve where two behaviours were 
noticed: either the load followed the increase defined by the previous few millimetres of 
displacement or a very large increase occurred. Such a difference was attributed to the 
effect of the side plate on the flashing with all samples but one experiencing an increase in 
load associated with the back pressure generated by the plate.
For profiled bats, the first 0.5-0.6 m m  of displacement corresponded to the 
deformation of the clay in the feature until the upper mould came in contact with the total 
surface of the bat. Then the load-displacement curves consisted only of an increasing linear 
load regime until the last 0.3-0.4 m m  of displacement after which the load values again
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followed the trend of the previous few millimetres of displacement or increased relatively 
significantly.
Figure 7-4: load-displacement curves for pressing o f MR (18.4 wt %) in the RpC mould.
Samples 17 and 18 in Figure 7-4 did not have enough clay to reach the side plates of 
the mould (thus the ‘R O ’ in the legend) and did not undergo the increase in load at the end 
of pressing. However, the final load values for the pressing curves in the RpC mould were 
not directly related to the initial weight of the bats. The initial amount of material is likely to 
have an influence but the difference in final pressing load needs to be accounted for in a 
more complex way including several ‘problem factors’ such as the complex non-uniform 
composition of the natural material tested, the loss of material from tiny burrs between the 
mould pieces and the possible sliding of the rubber sheet which would influence the filling of 
the cavities between the mould edge strips. According to the load-displacement curves for 
the tests in the RpC mould, a consistent behaviour at the end of pressing was technically 
difficult to achieve. It was anticipated the similar behaviour would be observed from the 
compaction stage of pressing in the R C  mould.
In the case of the pressing in the R C  mould (Figure 7-5), the curves for 17.5 m m  thick 
bats consisted firstly of a linear portion up to approximately 3.7 m m  of displacement, 
followed by a steep increase in load for the last 1.5 m m  of displacement. For profiled bats,
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only the increasing load stage was observed as the pressing consisted only of the 
compaction stage of which only approximately the last 0.5 m m  of displacement were 
associated with the total surface of the bat being in contact with the upper mould.
- * -  B3  (t =  17.5 mm) 
— B4  (t =  17.5 mm) 
—a — B5  (t =  17.5 mm) 
M B6  (t =  17.5 mm) 
- o -  B 7  (t =  17.5 mm) 
-© -  B8  (t =  17.5 mm) 
- a -  B 9  (t =  17.5 mm) 
B13 (profiled) 
B15 (profiled) 
- a -  B16  (profiled) 
- o -  B I7  (profiled) 
- o -  B18 (profiled) 
- A - B 2 1  (profiled)
Pressing RC - MR 18.5 wt % 'a'240 mm/min
2 3
Displacement (mm)
Figure 7-5: load-displacement curves for pressing o f MR (18.4 wt %) in the RC mould.
7 . 3 . 2 . 2 .  Effect of moisture content
In the case of pressing in the R O  (Figure 7-6) and in the RpC mould (Figure 7-7), the 
load values are higher the stiffer the clay material. The shape of the load-displacement curve 
is similar for each set of tests. Moreover, regardless of the bat dimensions, for each type of 
mould, the final shape and load values are similar. The slope of the portion of the curves 
corresponding to the flashing of the clay, as defined in the previous section, is also generally 
more pronounced the drier the material. By contrast, the slope of the linear portion, 
corresponding to the overall clay flow and filling of the features, was almost constant. In the 
case of the RpC mould, two curves are presented in Figure 7-7 depending on whether there 
was an increase in load or not before the end of pressing. When it happened, this increase 
was proportionally greater the drier the clay material and almost insignificant for the 
material at 20.7 wt %  moisture content.
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Figure 7-6: effect o f moisture content when pressing in the RO mould.
Figure 7-7: effect of moisture content when pressing in the RpC mould.
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In the case of the pressing in the R C  mould (Figure 7-8), a different behaviour to that 
observed previously was noticed.
Pressing RC - MR id"' 240 mm/min
Displacement (mm)
Figure 7-8: effect o f moisture content when pressing in the RC mould.
Considering first the case of the clay material at 16.3 and 18.5 wt %  moisture content, 
in both cases of rectangular or profiled bats, the load-displacement curves were exactly the 
same (within the error). The water content had no influence on the slope and on the final 
load value of the curves. Although this behaviour seemed different from the results of the 
previous pressing tests, it could in fact be related to the former according to the following 
considerations. It has been shown that in pressings in R O  and RpC moulds, the load- 
displacement behaviour during the initial stage of deformation of the clay body was very flat 
and almost independent of the water content. This might explain the behaviour in the case 
of pressing in the R C  mould as there was no flashing stage in this later process. This could 
also apply to the case of the pressing of rectangular bats in the R C  mould, where the clay 
body had to deform before the end of pressing. However, a quite significant increase in load 
was observed for the profiled bats after the upper mould came into contact with the total 
surface of the clay body. It seemed that in the case of profiled bats, the compaction stage 
had a bigger propensity to develop before the end of pressing. A  possible explanation for 
the contrasting behaviour of the profiled bats at 20.5 wt %  water content might be that,
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as the water content was above the plasticity limit, the clay body in this case was saturated 
enough for water to percolate. Hence, any attempt at compacting the clay paste would be 
supported by the water phase, therefore transmitting the applied load instead of compacting 
an under-saturated particulate phase with a liquid phase.
In the general case of pressing with flashing, the forming water content of the clay 
influenced the load values in the same way as described in the literature, whereas in the 
case of constrained pressing (i.e. closed mould), the behaviour was more complex and 
could possibly be related to the state of the clay body relative to its Atterberg plasticity 
limit and to the balance between the development of the compaction stage and the end of 
the pressing stroke.
Different friction behaviour was also observed for the M R  material by Beaumel (1998) 
depending on whether the forming water content of the clay body was under (semi-solid 
state) or above (plastic state) the Atterberg plasticity limit.
7.3.3. STRESS-STRAIN ANALYSIS
Stress-strain analysis was carried out for some of the pressed samples, in order to 
compare the findings of the pressing tests with the results from the compression tests. 
Samples of initial thickness of 23 m m  pressed in the R O  moulds were chosen as the 
deformation of the clay during pressing, before reaching the mould edge strips (where 
flashing started), is most like the behaviour occurring during a conventional compression 
test. In the case of the pressing of the bars, plane strain conditions were met. The true stress 
(Gp) and true strain (spc) for such tests are expressed by:
F F
{ 7 - 1 }
and
(7-2)Epc = ln
Vl b /
where F is the load normal to the compressive section area (A), 1 is the instantaneous 
length of the sample (initially 1 = 1 = lg at the end of pressing, assuming a right angle for
the features), w g is the width of the sample (wg= Wb =22 mm), t the instantaneous thickness 
of the samples (initially t = tb; t = tg at the end of pressing).
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The stress ap can be calculated by:
t
kw. t,
(7-3)
b b ‘•b
as long as conservation of volume applies (i.e. up to 1 = lg).
Stress-strain data for the R O  pressed samples (112 x 23 mm) at 16.5, 18.4 and 20.7 wt 
%  forming water contents were calculated. The stress-strain curves over the entire pressing 
stroke are illustrated for the samples at 16.5 wt %  in Figure 7-9.
Figure 7-9: stress-strain curves for the RO pressed samples (112 x 23 mm) at 16.5 wt % water content.
The initial sections corresponding to the deformation under plane strain conditions for 
each moisture content are presented in Figure 7-10 and results from the uniaxial 
compression tests, plotted over the same deformation range are plotted in Figure 7-11.
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Pressing R O  112 x 23 m m  - M R  (f>. 240 mm/min
«  16.5 wt %
a 18.4wt%
i 20.7 wt %
A 20.7 wt %  
@ 9 0 °
Stra in
Figure 7-10: stress-strain curves from the pressing tests in plane strain condition.
Uniax ia l com pression - M R  16.8 /18.7 / 20.5 w t %
Stra in
 16.8 w t %
 18.7 w t °/o
 20.5 wt °/o
Figure 7-11: stress-strain curves from the compression tests in uniaxial condition.
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Results from the pressing tests were qualitatively in good agreement with the results 
from the compression tests. The trend for each moisture content in plane strain conditions 
was similar to the corresponding trend in uniaxial compression. The relative position of the 
curves as a function of the moisture content was similar as well. Quantitatively, the stress 
values were higher in the pressing tests. There was some concern that the differences in the 
orientation of the clay platelets within the samples between the two types of test might give 
rise to differences in behaviour. However, some samples (112 x 22 m m )  at 20.7 wt %  
moisture content were pressed from bats set at 90 0 to the direction of extrusion (so that the 
particle orientation was the same as in the compression test). These samples gave identical 
results as the pressed samples with particles in the ‘usual’ orientation. The other main 
differences between the two types of test are related to the geometries in terms of aspect 
ratios, constraint in the pressing rig and the effects of friction against both the rubber lining 
and the perspex plates.
A  yield stress was almost impossible to define from the pressing curves. In the absence 
of a linear elastic region, it is normal practice to extrapolate the linear plastic region back to 
the stress at zero strain but no significant linear plastic stage developed before 30 %  
deformation. This was also consistent with behaviour from the compression tests where the 
linear plastic stage of deformation started between ~ 25 and 35 %  deformation. Stresses at 
30 %  deformation (denote by the subscript ‘0.3’) were estimated from the graphs and were 
tabulated (Table 7-2).
Table 7-2: stress ratios for the pressing tests and compression tests.
Moisture content (wt %) Pressing tests, G?o (kPa) Compression tests, a0.3 (kPa)
16.6 700 275
18.6 460 170
20.6 300 110
Whilst it is recognised that 30 %  deformation relates to very different aspect ratios of 
specimen in the to types of test, stresses at 30 %  deformation in the pressing tests were 
consistently 2.5-2.7 time higher than stresses in the compression tests. Ratios of stresses at 
30 %  deformation were then calculated. Defining Ri as the ratio of the stresses at 30 %
126
Chapter 7- PRESSING TESTS
deformation in the compression test for the sets at 16.6 and 18.6 wt %  moisture content; R 2 
as the ratio for the sets at 18.6 and 20.6 wt %; and R pi and R p2 as the ratios for the 
corresponding sets of samples in the pressing tests, the results are presented in Table 7-3.
Table 7-3: ratios o f stresses at 30 % deformation for the pressing and compression tests.
Ri 1.6 R 2 1.5
R Pi 1.5 Rp2 1.5
The increase in stress as a function of the water content was found to be identical in 
the two sets of tests. The degree of correspondence between the observations of both tests 
suggests that there is a fundamental link, probably via the frictional behaviour, between the 
behaviour of the clay in both cases. Further, the uniaxial compression test may provide a 
simple way of assessing some aspects of the behaviour of clays during pressing.
7 .4 . C O N C L U S I O N S  F R O M  T H E  P R E S S I N G  T E S T S
Experiments with two-tone clay bats and a digital camcorder showed that generally 
clay was trapped in the features as the mould closed down and flowed mainly within the 
flat part of the specimens. Previous observations showed that the pressing was also 
dependent on the position of the bat relative to the position of the feature to be formed.
The shape of the load-displacement curves was characteristic of the process. Load 
values were almost independent of the forming moisture content during the clay flow and 
feature filling stage of deformation whereas they increased significantly the drier the 
material during the flashing stage of pressing.
The behaviour of the clay at the beginning of the pressing was qualitatively consistent 
with earlier uniaxial compression tests, although higher stresses were recorded for the 
pressing tests. Differences are most likely to relate to changes in the friction behaviour. 
Consistency in trends in the two sets of tests suggests that uniaxial compression behaviour 
may be a good indication of some aspects of pressing behaviour.
127
C h a p t e r  E i g h t
Chapter 8 - DURABILITY
8 D U R A B ILITY
8.1. I N T R O D U C T I O N
This chapter is concerned with the assessment of durability in terms of resistance to 
repeated freeze-thaw cycles. Prior to describing the experimental methods used in this 
study, some background information is given by way of a brief consideration of the 
development of industrial standards relevant to this area. Results from indirect methods, 
i.e. measurements of water absorption coefficient and open porosity and a direct method,
i.e. freeze-thaw testing are discussed in terms of forming water content of the clay and the 
various pressing processes
8.2. B A C K G R O U N D  T O  D U R A B I L I T Y
8.2.1. CASE STUDY: THE GERMAN STANDARDS
Frost resistance is certainly one of the most important properties of clay roof tiles. 
Numerous standards have developed over the years in the countries using clay roof tiles. 
For instance, the German standard specification for clay roofing tiles, DIN 456, included a 
special section on ‘quality control’ for the first time in the August 1976 edition. This 
stipulated the need to assess the frost resistance of clay roof tiles both in-house and 
independently. With regard to this, a footnote drew attention to the fact that a standard 
specification was in preparation, containing suitable direct and indirect methods to be 
applied to the testing of the frost resistance of clay roof tiles. The result was a draft 
standard DIN 52251 entitled ‘testing of the frost resistance of clay roof tiles’ and made up 
of parts 2 to 7, in which six different test methods were described. Of these, four were 
indirect and two were direct methods. The creation of the German standard from this early 
draft is used to give an insight on different methods used to assess frost resistance.
The four indirect methods in the draft standard DIN 52251 were the water absoiption, 
the saturation value, the water balance coefficient and the drying and firing shrinkage 
procedures. Experience with these various tests was then compiled with the aim of 
choosing a single method for independent quality control. Of the indirect test methods the
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determination of the water absorption was the most successful used and in most test cases 
good conformity was observed with behaviour under natural conditions.
The water absoiption of clay roof tiles gives definitive information on the open pore 
volume of the tiles. The determination of the water absoiption is made by forcibly 
displacing the air in the continuous pores by water. From the weight of water absorbed, the 
water absoiption is determined in relation to the dry weight. Usually, the frost resistance of 
the clay tile increases with a decrease in water absorption.
The two direct test methods standardised in part 6 and 7 of draft DIN 52251 were both 
freezing-thawing cycle methods with action on all sides and on the top side, respectively. 
In these so called ‘direct’ methods an attempt is made to simulate as closely as possible the 
critical freeze-thaw cycles occurring under natural conditions. It has been found that two 
factors have a decisive influence on the severity of the frost load. They are the rate of 
freezing in the tile and the number of freeze-thaw cycles. The rate of freezing is decided 
almost entirely by the time taken for ice formation in the tile body. The shorter this time, 
the more severe proportionately is the frost load. An excessively high freezing rate 
produces frost damage which does not conform to the natural state. With regard to the 
number of cycles, only the critical freeze-thaw cycles are carried out in the frost cabinet.
Of these direct methods, the freeze-thaw test on one side of the tiles was most 
frequently used with good reproducibility and conformity with the behaviour of tiles under 
natural conditions.
After discussion draft standards DIN 52251 part 2 (determination of water absoiption), 
DIN 52251 part 3 (determination of coefficient of impregnation), and DIN 52251 part 5 
(determination of drying shrinkage and firing shrinkage) were assigned to separate 
standards with the join main title ‘in-house quality control’. The draft standard DIN 52251 
part 4 (determination of the water balance coefficient) and DIN 52251 part 6 (freezing- 
thawing cycle method, frost action on all sides) were withdrawn.
Two finalised standard specifications were eventually issued as DIN 52251 (1987) 
‘indirect methods of determining the frost resistance of roofing tiles’, part 2, 3 and 5, (with 
their corresponding name cited from above) in April 1987 and DIN 52253 (1988) ‘test 
methods for the determination of the frost resistance, freezing-thawing cycles methods’, 
part 1 and 2, in December 1988. Part 1 corresponded to ‘freezing of top surface after 
saturation (impregnation) by sprinkling’ whereas part 2 corresponded to ‘freezing on all 
sides after saturation (impregnation) under vacuum’. The necessity for clay roof tiles to be 
resistant to frost according to DEN 52253 part 1 or part 2 was then added to the draft
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publication of the revised general standard DIN 456 / A l (1989) ‘burnt-clay roofing tiles; 
requirements, testing, quality control; am endm ent 1’ but the standard specification was 
suspended as the European standardisation of ‘roof covering m aterials’ had already begun 
at this date. Nevertheless it is possible by appropriate agreement to carry out the test for 
frost resistance according to the draft standard, December 1989 issue. In the mean time, 
because o f enormous differences in test methods within the EEC, it is considered that for a 
certain transitional period the national test methods for determining frost resistance should 
continue to be used, but that the countries should give mutual recognition to the methods, 
e.g. that French clay roof tiles supplied to Germany m ust pass the German test m ethod and 
vice versa (Kolkmeier, 1991).
8.2.2. INDIRECT A N D  DIRECT M E T H O D S
As illustrated in the case study above, there are a wealth of methods which have tried 
to assess the frost resistance of porous clay products. The sections below deal with some of 
these methods in an attempt to clarify the relevant parameters to be controlled in order to 
make frost resistant products. Out o f the laboratory methods to assess frost resistance, some 
estimate the values of frost related param eters and therefore allow an indirect estimation of 
the frost resistance, such as water absorption, porosity, or porosimetry, whereas the other 
reproduce the natural weathering conditions and give a direct estimate of the durability of 
the products.
The weight of a clay body may be divided by the overall volume, including all pores, 
to obtain the bulk density. Open porosity may be measured, for instance, by water 
absorption, or mercury intrusion. The advantage o f the former is simplicity and that of the 
later is that pore size distribution is determined. If required, the volume of closed pores 
may be estimated from the difference between the total and open porosities, but the 
estimate is unlikely to be accurate (Green et al., 1953). Generally, a low level of water 
absorption (smaller than 8 %) and a low volume of pores, especially of pores of small 
diameter, are encountered for frost resistant products (Van der Klugt, 1993; Albenque, 
1976). This is, however, no guarantee of resistance to frost damage. O f decisive 
significance is the homogeneity of the piece, which demands, for instance, the same density 
in all areas of the ceramic body. Hence methods for local investigation are required to 
assess the homogeneity within one product (Kasas et al., 1997; Ranogajec et al., 1998) and
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though quicker, generalised indirect methods are less reliable than the actual freeze-thaw 
test.
8 .3 . ASSESSMENT OF WATER ABSORPTION AND OPEN POROSITY
8 .3 .1 . EXPERIM ENTAL DETAILS
It is useful to know the proportion of the pore space that would be readily filled with 
water when the material is wetted. The water absoiption coefficient (WABS) of the 
material gives an indication of this propensity and is often used as a guide to the durability 
of clay materials (Green et al., 1953). W ABS, bulk density and open porosity were 
m easured for fired extruded bats and the corresponding fired bars pressed in the RO, RpC 
and RC moulds. The actual firing temperature recorded during the firing of each set of tests 
was slightly different from  the set temperature of 1020 °C. Assum ing a uniform 
temperature within the interior of the kiln, the firing temperatures for the samples are given 
in Table 8-1 where ‘X T ’ stands for samples extruded only.
The water absoiption values of the pressed samples were obtained after immersion for 
48 hours in a tap water bath. Determination o f the W ABS of a fired sample provides an 
indirect measurement o f the open porosity according to equations (8-1) and (8-2).
The W ABS is calculated as:
where M w is the weight of the absorbed water, M d is the weight of the dry sample and Mi is 
the weight of the sample after immersion in water for 48 hours.
The open porosity is expressed as:
where pf is the bulk density of the fired sample. The bulk density is determined via the 
mercury immersion method as:
where png is the density of the mercury and M h is the weight of the sample immersed in 
mercury.
W ABS(%) = — — x 100 = 
M .d
(8-1)
<|>0(%) = p f -W ABS(% ) (8-2)
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Table 8-1: firing temperature for the sets o f test samples.
Set of tests 
(with bat details)
Forming water content 
(wt %)
Top firing temperature (°C)
RO (112 x 23 mm) 16.5 1024
RO (150 x 17.5 mm) 16.5 1024
RpC (135 x 17.5 mm) 16.5 1024
RpC (profiled) 16.5 1024
XT (tb = 23 mm) 16.5 1024
XT (tb = 17.5 mm) 16.5 1024
XT (profiled) 16.5 1024
RC (112 x 17.5 mm) 16.3 1016
RC (profiled) 16.3 1016
XT for RC (tb = 17.5 mm) 16.3 1016
XT for RC (profiled) 16.3 1016
RO (1 1 2 x 2 3  mm) 18.4 1028
RO (150 x 17.5 mm) 18.4 1028
RpC (135 x 17.5 mm) 18.4 1028
RpC (profiled) 18.4 1028
XT (tb = 23 mm) 18.4 1028
XT (tb = 17.5 mm) 18.4 1028
XT (profiled) 18.4 1028
RC (112 x 17.5 mm) 18.5 1016
RC (profiled) 18.5 1016
XT for RC (tb = 17.5 mm) 18.5 1016
XT for RC (profiled) 18.5 1016
RO (112 x 23 mm) 20.7 1021
RO (150 x 17.5 mm) 20.7 1021
RpC (135 x 17.5 mm) 20.7 1021
RpC (profiled) 20.7 1021
XT (tb = 23 mm) 20.7 1021
XT (tb = 17.5 mm) 20.7 1021
XT (profiled) 20.7 1021
RC (112 x 17.5 mm) 20.5 1016
RC (profiled) 20.5 1016
XT for RC (tb = 17.5 mm) 20.5 1016
XT for RC (profiled) 20.5 1016
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8 .3 .2 . RESULTS AND DISCUSSION
8 .3.2.1. Water absorption and bulk density
Figure 8-1 presents the W A B S  results plotted against forming water content for fired 
extruded bats and the corresponding fired bars pressed in the RO, RpC and R C  moulds. The 
samples with the same tabulated firing temperature were part of the same firing batch. Four 
firings were needed to fire all the samples.
MR material
Forming moisture content (wt %)
Figure 8-1: WABS for all samples.
The W A B S  results for the samples pressed in the R C  mould indicate the trend as a 
function of forming water content, as they were all fired at the same temperature, in one 
firing batch. The W A B S  values generally increased when the forming water content 
increased. The curves for R C  bats and pressed bars, of 17.5 m m  initial thickness, have the 
same slope, although the W A B S  values for the pressed bars are slightly smaller than the 
values for the extruded bats. For the case of initially profiled R C  samples, it was not 
possible to draw any conclusion for the highest moisture content as no extruded profiled bat 
was available for W A B S  testing. However, over the range of moisture content of 16-19 wt 
%, values for the extruded bats were again slightly higher than values for the
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corresponding pressed bars and the trend seemed to be identical to the increase of the 
samples o f initial thickness of 17.5 mm. The differences in W ABS from  extruded samples 
to pressed bars might be due to changes in texture within the bodies, such as a greater level 
of compaction or particle orientation. The pressing in closed m oulds m ight reduce the 
water absorption of the samples, compared to bats extruded only. However, such 
differences were marginal, and within the error of measurement. Therefore, no firm 
conclusions could be drawn on the effect of the RC pressing on the W ABS values of the 
samples.
The W ABS values for the RO pressed bars were slightly larger than the W ABS values 
for the corresponding extruded bats, for each firing batch. The pressing in open moulds 
seems to increase the W ABS com pared to the extruded bats. This m ight be due to the 
effect of the large deform ation on the pores during the flashing, creating a more 
interconnected pore structure, which is easier to access. The results obtained for the 
samples at 18.4 wt % m oisture content were in very good agreement with values of 11.3- 
12.1 % obtained for the M arseille material at 18 wt % moisture content in previous work at 
Lafarge-Braas R&D (Francis, 1998; Levis, 1999).
The W ABS values for the initially profiled RpC pressed bars were slightly smaller 
than the W ABS values for the corresponding extruded bats at the m oisture content of 16.4 
wt % whereas they were sim ilar to the values for the corresponding extruded bats at 18.4 
and 20.6 wt % m oisture content. It seems that the RpC pressing of profiled samples does 
not influence the W ABS values of the pressed samples compared to the extruded samples. 
This might be due to the fact that there is not enough compaction to reduce the W ABS, in 
contrast to the RC pressing, and also that there is no excessive flashing to increase the 
W ABS, in contrast to the RO pressing. For the RpC samples of initial thickness of 17.5 
mm, the W ABS values of the pressed samples were larger than the W ABS values for the 
corresponding extruded bats. It seems that the RpC pressing of samples of initial thickness 
of 17.5 mm increases the W ABS values of the pressed samples com pared to the extruded 
samples and that the effect is bigger for the highest water content. This m ight be due to the 
combination of the deformation and the flashing creating sufficient shear to result in the 
same phenomenon as in the RO pressing. However, as the differences in W ABS values 
were again marginal and within the error of measurement, no firm  conclusions could be 
drawn on the effect of RO and RpC pressing on the W ABS values o f the samples and 
W ABS values had to be assumed to be identical for the extruded samples and for the 
pressed bars, regardless of their initial shape (for the same volume).
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Although the firing temperatures were slightly different for R O  and RpC samples at
16.4, 18.4 and 20.6 wt %  moisture content, an increasing trend in W A B S  as a function of 
the water content was still observed. Furthermore, it should be noted that extruded bats for 
the R C  tests were similar in geometry to extruded bats for the R O  and RpC tests, the only 
difference being their firing temperature. Corrections in W A B S  according to the firing 
temperature can thus be done to plot the results for all the extruded samples as if they had 
all been fired together. This will be addressed later (in terms of open porosity), but it can 
already be seen that the W A B S  values decrease with increasing firing temperature. Such 
corrections, according to the firing temperature, could furthermore be applied to all the 
samples as no significant differences in W A B S  were noticed between extruded bats and 
their corresponding pressed samples.
In order to obtain the open porosity values for the samples, their bulk density values 
were measured and results are presented in Figure 8-2.
Figure 8-2: bulk densities for all samples.
The bulk density values of the fired samples decreased almost linearly when the water 
content increased. The bulk density values for the R C  samples were slightly smaller than the 
values for the R O  and RpC samples at the lowest moisture content and were similar to
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the values of RO and RpC samples at the higher moisture contents. The bars at 16.4 wt % 
m oisture content seemed to be slightly denser when fired at 1024 °C com pared to 1016 °C. 
However, the difference in bulk density is within the error of m easurem ent and bulk 
density values were assumed to merge together for a given m oisture content. The bulk 
density measurement is not sensitive enough to detect small changes in porosity and/or the 
density o f the clay matrix. It would seem, however that a variation o f up to 12 °C in firing 
temperature, from 1016 to 1028 °C, does not lead to a significant phase transformation in 
the clay bodies. This might be due to the fact that little viscous sintering occurs during the 
firing of the M R material (typically less than 1 % firing shrinkage). As the bulk density 
varied only from approximately 1.86 to 1.92 over the range of water contents used, the 
open porosity values were expected to be alm ost twice the W ABS values. Results were 
again in good agreement with previous work at Lafarge-Braas R&D, which gave a density 
of 1.88 for products at 18 wt % moisture content (Francis, 1998; Levis, 1999).
8 . 3 . 2 . 2 .  Open porosity
W ABS and bulk density data were com piled to obtain open porosity. Results are 
presented in Figure 8-3. As for the W ABS analysis, open porosity results for the RC 
samples indicated the trend as a function of the forming moisture content. The open 
porosity increased with increasing water content.
For the RC samples of initial thickness of 17.5 mm, the open porosity values of the 
pressed bars were slightly smaller than the values of the extruded bats, the increase as a 
function o f the water content still being identical. The same observations as for the WABS 
were made for the open porosity. The pressing in closed moulds m ight reduce the open 
porosity o f the pressed samples com pared to the extruded bats, however, the differences in 
open porosity values were within the error o f measurement and no conclusion could be 
drawn. The open porosity values of all the RC samples were therefore assumed to merge 
together for the same moisture content. The open porosity values for RO and RpC samples 
were then analysed for 16.4, 18.4 and 20.6 wt % moisture content. The open porosity 
values for all RO pressed bars were slightly larger than the values for their corresponding 
extruded bats, whereas values of all RpC pressed samples and all extruded bats merged 
together (considering the error) except for initially profiled RpC pressed bars at the higher 
moisture content, for which values were larger.
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Figure 8-3: open porosity for all samples.
Values for Romane tiles from the Marseille works were also plotted ( M R  pieces). The 
tiles underwent the same procedure as the laboratory samples but had to be cut in pieces 
beforehand in order to create silicone free surfaces for the water absorption measurements. 
Good agreement was observed between the tile pieces, the laboratory test samples and the 
results from previous work at Lafarge-Braas R & D  (Francis, 1998; Levis, 1999).
As mentioned earlier for the W A B S  values, the extruded samples from the R C  and 
{RO and RpC} pressing tests were then used to define a correction to account for 
differences in the firing temperature, assuming that the relationship between open porosity 
and temperature was linear for a given forming moisture content (Figure 8-4).
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MR material
Forming water content (wt %)
Figure 8-4: porosity data used for firing temperature correction.
The percentage shift in open porosity per °C was then used to plot the results for X T  
samples as if they had been fired at an arbitrary temperature of 1024 °C (Figure 8-5). A  
linear behaviour was observed between open porosity and forming water content.
MR material
o X T  (t =  23mm)
□ X T  (t = 17.5 nun)
a  X T  (profiled)
□ X T  for R C  (t=17.5)
A X T  for R C  (profiled)
Forming water content (wt %)
Figure 8-5: open porosity after temperature correction for the XT samples.
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As no significant differences in W ABS, bulk density and open porosity were observed 
between pressed bars and their corresponding extruded bats, the tem perature correction 
found from the averaged data for the extruded samples was applied to all the pressed 
samples. The corrected results for the RC samples were in good agreement with the 
corresponding values for the RO and RpC samples, as illustrated in Figure 8-6.
2 6 %
MR material
2 5 %  - -
2 4 %  - -
t-
£ 2 3 %  - -
22% - -
21%
20%
16 17 18 19
Forming water content (wt %)
20
♦  R O  (1 1 2 x 2 3  mm)
■  R O  (150 x  17.5 mm)
■ RpC  (135 x 17.5 mm) 
a R pC  (profiled)
o X T  (t = 23 mm) 
o X T  (t 17.5 mm) 
a  X T  (profiled)
■  R C  (t = 17.5 mm)
a R C  (profiled)
□ X T f o r R C ( t  = 17.5 
mm)
a X T  for R C  (profiled)
Figure 8-6: effect o f  firing temperature compensation on open porosity values.
The linear behaviour remained. The open porosity values for the RC pressed samples 
seemed to be slightly smaller than the values for the extruded samples, whereas values for 
the RO and RpC pressed samples were generally equal or slightly larger. However, no 
significant differences were observed between the pressing processes, the forming water 
content having a greater influence in respect o f  the open porosity. The open porosity o f  a 
MR clay body was thus a function o f  the forming water content and, to a smaller extent, o f  
the firing temperature. The nature o f  the material, rather than the process it underwent, 
seemed to be predominant in determining the open porosity.
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8.4. ASSESSMENT OF FROST RESISTANCE
8.4.1. E X P E R I M E N T A L  DETAILS
There is a plethora of possible freeze-thaw tests, some testing the products on one side 
only, some on all sides. The preparation of the specim ens (impregnation method), the range 
of temperatures and the freezing rate may vary from one test to another. The underlying 
principle o f the freeze-thaw test is to carry out cycles until the samples have reached a 
required num ber of cycles, in which case the product would have passed the test, or until 
the samples fail.
The standard DIN 52253 part 1 (1988) for freeze-thaw testing of clay roof tiles was 
chosen for this study because it was the quickest available frost test that would allow 
freezing below -15 °C within the whole specimen. The test itself is largely automated, 
which means that testing conditions would be fairly consistent throughout all tests, and re­
creates the critical freezing-thawing cycles occurring under natural conditions of high water 
saturation of the tile and with severe frost.
Immediately after the water absorption m easurem ents had been conducted, the samples 
were laid on a rack in the top part of a program -controlled Brabender freeze-thaw cabinet 
BTE 1000/20E and were exposed on the top surface to direct frost attack. At least two 
pressed bars for each forming setting and single examples of extruded bats were frost 
tested. Table 8-2 summarises the test details.
Frost resistance performance for Romane tiles from  the M arseille works were also 
measured. The tiles underwent the same procedure as the laboratory samples but had to be 
cut in pieces beforehand in order to create silicone free surfaces for the water to penetrate.
The testing cabinet consisted o f a freezing chamber, fan, freezing units, sprinkling 
units, sprinkling jets, a water level controller, water flow circuit, program  control system 
and the stands for the test specimens. The fan ensured that the top surface of the test 
specimens was exposed to approximately the same air volume, and that there was a 
uniform  tem perature distribution.
141
Chapter 8 - DURABILITY
Table 8-2: details o f frost tested samples.
Set of tests Form ing water content Number
(with bat details) (wt %) of samples
RO (112 x 23 mm) 16.5 2
RO (150 x 17.5 mm) 16.5 2
RpC (135 x 17.5 mm) 16.5 2
RpC (profiled) 16.5 2
XT (profiled) 16.5 1
RC (112 x 17.5 mm) 16.3 2
RC (profiled) 16.3 2
XT for RC (tb = 17.5 mm) 16.3 1
XT for RC (profiled) 16.3 1
RO (112 x 23 mm) 18.4 3
RO (150 x 17.5 mm) 18.4 3
RpC (135 x 17.5 mm) 18.4 2
RpC (profiled) 18.4 4
XT (tb = 17.5 mm) 18.4 1
XT (profiled) 18.4 1
RC (112 x 17.5 mm) 18.5 2
RC (profiled) 18.5 2
XT for RC (tb = 17.5 mm) 18.5 1
XT for RC (profiled) 18.5 1
RO (1 1 2 x 2 3  mm) 20.7 2
RO (150 x 17.5 mm) 20.7 2
RpC (135 x 17.5 mm) 20.7 2
RpC (profiled) 20.7 2
XT (tb = 23 mm) 20.7 1
XT (tb = 17.5 mm) 20.7 1
X T (profiled) 20.7 1
RC (112 x 17.5 mm) 20.5 2
RC (profiled) 20.7 2
XT for RC (tb = 17.5 mm) 20.5 1
XT for RC (profiled) 20.7 1
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The freezing unit o f  the testing cabinet had been adjusted so that the cooling and ice 
formation in a measured tile proceeded according to the temperature profile given in Figure 
8-7. A constant freezing rate was thus guaranteed. The ice formation time being defined as 
from +1 °C to -2 °C; it is apparent from Figure 8-7 that the ice formation time can vary 
between 32 and 38 minutes, the mean ice formation time being 35 minutes.
To prevent the test pieces from drying out excessively during freezing, the surface o f  
each test bar must be sprayed briefly at intervals o f  five minutes. This process was 
continued until the tem perature within the cold cabinet had reached approximately 0 °C. 
Freezing was stopped when the tem perature in a measuring tile had been held for at least 
thirty minutes below -15 °C. After this period the test bars were thawed by spraying evenly 
with water at a temperature o f  5-10 °C. The quantity o f  water was adjusted so that after 15 
minutes o f  spraying the water level within the chamber was about two centimetres above 
the test bars. The bars remained immersed in water for at least a further 15 minutes until the 
ice was completely thawed. Once the water had been drained o ff a new freezing cycle 
started.
A freeze-thaw cycle lasted 3 hours (i.e. 8 cycles a day). The majority o f  the samples 
were examined for damage on a daily basis. Any frost damage was recorded, stating the 
location, nature and size o f  the damage and the number o f  cycles undergone. The test is
ig
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Figure 8- 7: freeze-thaw cycle for the DIN 52253 part 1 frost test.
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Definition o f the frost damages (only skin flaking was not considered as a failure in this study).
Chapter 8 - DURABILITY
deemed to have been passed if after 150 freeze-thaw cycles no damage can be detected on 
the test samples.
It should be noted that the primary aim regarding frost resistance for this project was to 
assess the durability o f  the pressed bars. The failure modes were unimportant in this first 
approach, the only requirement sought being better product performance by developing a 
better pressing process.
As the determination o f  frost damage is subjective, a criterion had to be chosen. In 
this study, flaking was not considered damaging, only cracking or section spalling was 
regarded as damage. The frost resistance o f  the samples according to the criterion chosen 
was the number o f  cycles w ithstood in the freeze-thaw cabinet before the appearance o f  
damage (see illustration  o f dam age on ad jacent page).
8 .4 .2 . RESULTS AND DISCUSSION
8 . 4 . 2 . 1 .  RC pressing tests
Average results for the RC pressing tests are presented in Figure 8-8 as number o f  
cycles to failure as a function o f  the open porosity.
Figure 8-8: number of cycles to failure for RC samples.
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The results for the pressed samples of initial thickness of 17.5 mm at the lowest open 
porosity were plotted separately and the consistency of the results will be discussed later. 
The frost resistance of the samples generally increased with decreasing open porosity, as 
expected (Albenque, 1976; Van der IClugt, 1993). The trend is relatively flat from 
approximately 25 to 23.5 % open porosity and increases more significantly for the lower 
open porosities. All the samples with open porosity larger than about 24 % had a poor frost 
resistance and failed the DIN test. The numbers of cycles to failure were identical although 
the open porosity values varied. For samples o f open porosity between approximately 23 
and 24 %, the frost resistance started to vary from  one type o f sample to the other, some 
samples passing the test and others failing it. Samples of open porosity lower than 
approximately 23 % gave even more scattered results, but all passed the test. The majority 
of the samples had a very good frost resistance (above 400 cycles).
The frost resistance o f the samples of initial thickness of 17.5 mm was less than the 
frost resistance of the corresponding extruded bats for open porosities lower than 24 %. It 
should be noted that the extruded bat of lowest open porosity did not crack, but was 
rem oved from the testing cabinet before showing any damage as defined in the criteria for 
this study. There was a great scatter in results for the pressed bars at the lower open 
porosities; one sample lasted 311 cycles whereas the other withstood 1073 cycles. The 
sample with the higher durability was more consistent with the results of the extruded bats. 
The relatively low durability of the other bar m ight be due to the presence of a weakness. 
However, the result does fit the trend observed for the pressed bars, i.e. the increase in frost 
resistance is almost vertical for the lower open porosity values. This seemed especially 
probable as the open porosity for that sample was slightly smaller than the one for the other 
sample. If the durability results for both these samples were assumed to be representative, 
the average durability would be of 692 cycles, which is still consistent with the behaviour 
observed for the pressed samples of that type and in comparison to their corresponding 
extruded bats. In that case, the difference in performance between pressed bars and 
extruded bats would seem to increase with decreasing open porosity. The RC pressing of 
samples o f initial thickness of 17.5 mm seem ed to decrease the frost resistance compared 
to the extruded bats. This suggests that the deform ation of the clay during pressing is a 
damaging process. As the open porosity is related to a great extent to the moisture content, 
it is conceivable that for lower open porosities, the material is less plastic and therefore 
more likely to be damaged during deformation. This would lead to increasing differences in 
frost resistance between extruded bats and pressed bars with decreasing open porosity.
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Lastly, it should be noted that, considering the trends as a function of the open porosity and 
the slightly lower open porosity values of the pressed bars compared to the extruded bats, 
the decrease in frost resistance due to the pressing m ight be even more important.
For initially profiled samples pressed in the RC mould, the frost resistance o f bars of 
open porosity between 23 and 24 % was higher than that of the extruded bats, whereas for 
the lower open porosities, they were identical. The increase in durability is more gradual 
for pressed bars than extruded bats and the difference seems to be more pronounced at the 
lower open porosities. Considering the error in open porosity values, extruded samples had 
a slightly larger open porosity at the lower end o f the range and had almost the same open 
porosity as pressed bars in the m edium  range of values. Considering again the trend as a 
function of the open porosity, it seems that the frost resistance of extruded bats should be 
larger than that of pressed samples at the lower porosity values. The durability of the 
samples of open porosity between 23 and 24 % might thus be slightly improved by pressing 
whereas it seems that it would be slightly reduced for samples of open porosity lower than 
23 %, compared to extruded products. It seems that even though there is less deformation 
associated with the pressing of profiled bats, as compared to flat bats, this is still damaging 
at the lowest moisture content but not at the higher moisture contents. However, more data 
would be needed to draw a definite conclusion on the effect o f pressing in the case of 
profiled samples.
The differences in frost resistance observed between the initially flat and profiled 
pressed samples seemed to be related to the performance of their respective extruded bats. 
The profiled bats were observed to be less resistant than the flat bats. This might be due to 
the effect of deformation o f the bodies during extrusion, in the same respect as assumed 
above for the pressing. It is conceivable that the profiled bats underwent more deformation 
during extrusion and more importantly, steeper gradients of deformation as the reduction 
ratio was larger. Furthermore, stress and gradient concentrations are likely to occur due to 
the formation of the extruded features, creating less uniform products. The effect of the 
moisture content (i.e. of the open porosity ranges corresponding to the three forming 
moisture content) seemed nevertheless to be overriding.
8 . 4 . 2 . 2 .  RO and RpC pressing tests
Average results for the RO and RpC pressing tests are presented in Figure 8-9. It 
should be noticed that the samples were fired at a different temperature for each of the
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above ranges o f  open porosity (corresponding to the three moisture contents tested). 
Therefore no real comparison as a function o f  the open porosity can be achieved with 
results presented in this format. However, a general trend similar to the one observed in the 
case o f  the RC pressing can be discerned.
Figure 8-9: number o f cycles to failure for RO and RpC samples.
The frost resistance again generally increased with decreasing open porosity 
(Albenque, 1976; Van der Klugt, 1993). The increase was moderate from 24-25 % to 22-23 
% open porosity and more pronounced from 22-23 % to 20.5-21.7 % open porosity. All 
samples o f  open porosity larger than 24 % failed the test and had quite similar frost 
resistances, from one type o f  sample to the other (considering the variations in open 
porosity), whereas the scatter in frost resistance increases for open porosities o f  22-23 %, 
some failing the test, the others passing it. All the samples o f  open porosity lower than
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approximately 21.7 % passed the test, the majority of them having a very good frost 
resistance (above 600 cycles). Com parison of extruded bats and pressed bars performance 
cannot be done systematically, as some of the frost resistances of the extruded bars were 
not available. For samples, o f initial thickness of 17.5 mm, with open porosity of 22-23 %, 
the frost resistance of the RO pressed bars was slightly larger than that o f the extruded 
samples and slightly larger again than that of the RpC pressed bars, however, results for 
extruded bats and RO and RpC bars merge together, considering the error. The RO and 
RpC pressing in that case did not seem to influence significantly the frost resistance. For 
initially profiled samples, the frost resistance o f the extruded bats was slightly smaller than 
that of the pressed bars for an open porosity of approximately 22 % and was similar to that 
of the pressed bars for an open porosity o f approximately 20.8 %. It seems that the RpC 
pressing in that case improves the frost resistance only marginally, if at all, and results were 
assumed to be identical. Considering the variations in open porosity between 22 and 23 %, 
the frost resistances for all the samples (RO, RpC and XT) seem to m erge together, except 
for the RO pressed bars of initial thickness of 23 mm. For samples o f open porosity 
between 20.5 and 21.7 %, the frost resistance of all the RpC samples and o f the profiled 
bats m erged together, whereas RO pressed bars of initial thickness o f 23 mm reached the 
same frost resistance but for a lower open porosity, and RO pressed bars of initial thickness 
of 17.5 mm were less frost resistant. M ore data, in an adequate form at, were needed to be 
able to draw any conclusions and assum ptions on the effect of pressing and open porosity.
8 . 4 . 2 . 3 .  Comparison of the pressing processes
In order to adequately analyse the results for RO and RpC samples over the full range 
of open porosities tested and also to compare them to the results for the RC samples, a 
suitable format for compiling the results was sought. Simply extruded bats from the RO 
and RpC pressing tests and from  the RC pressing tests failed to provide consistent frost 
durability results, as shown in Figure 8-10 (see XT for RO and RC), although they should 
have been identical had they been fired to the same top temperature. Thus, it seemed 
appropriate to again apply the tem perature correction to the open porosity values, using an 
arbitrary temperature of 1024 °C.
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MR material
Open porosity (%)
Figure 8-10: number o f cycles to failure for the XT samples with firing temperature as a parameter.
The plot o f  number o f  cycles to  frost failure as a function o f  the corrected open 
porosity for the extruded samples is presented in Figure 8-11.
MR material for T = 1024 °C
Open porosity (%)
Figure 8-11: corrected values for extruded samples.
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The results for all extruded samples were similar at the higher open porosity. The frost 
resistance o f  XT for RC samples, for an open porosity o f  approximately 22.6 %, was larger 
than that o f  XT samples for the other types o f  pressing, whereas for an open porosity o f  
approximately 20.8 %, the frost resistance o f  the profiled samples for RC pressing was 
smaller than that o f  the profiled samples for the other types o f  pressing. The temperature 
correction was thus not completely satisfactory in respect o f  merging the results from the 
RC and {RO and RpC} samples, however, considering some scatter observed previously 
between samples o f  the same pressing test, the tem perature correction might still be valid 
and is sufficient to show the overriding effect o f  open porosity.
The open porosity correction was then used to shift all the results onto a single plot 
(Figure 8-12). The frost performance for all samples can then be compared, as if they had all 
been fired to the same top tem perature and therefore achieved the same average open 
porosity levels.
Figure 8-12: number o f  cycles to failure as a function o f  the corrected open porosity.
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Considering such assumptions, it should be noted that it would have been sufficient to 
present the frost durability as a function o f  the forming water content (Figure 8-13).
Figure 8-13: number o f cycles to failure as a function o f  the forming water content.
The observations for each individual firing batch remain the same, with only the open 
porosity values being shifted according to the correction. It can be assumed that, if the frost 
performance o f  the extruded profiled bats for {RO and RpC} and RC pressings were 
identical, the frost resistance o f  profiled bars pressed in RC and RpC moulds would also 
merge together and with the values for the extruded samples. In the case o f  samples o f  
initial thickness o f  17.5 mm, for an open porosity o f  approximately 22.7 % , RC pressed bars 
would be less resistant than extruded bats, which would be equal to RpC pressed bars and 
very marginally less resistant than RO pressed bars. The assumption o f  the effect o f  
deformation and plasticity o f  the clay formulated earlier does not seem to be satisfactory. It 
seems more likely that consistent results with little scatter are impossible with such a test as 
the freeze thaw test and that results are only within a window o f  error, the predominating 
parameter being the open porosity (closely related to the forming moisture content) for 
significant variations o f  at least 1 %.
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For open porosity values larger than approxim ately 24 %, i.e. for an average form ing 
water content of 20.6 wt %, results for all samples merged together, being less than 100 
cycles and hence failing the DIN frost test. For open porosity values between -  22 and 23 
%, i.e. for an average forming water content o f 18.4 wt %, the frost performance started to 
increase and more scatter was observed, with only some of the samples satisfying the 
m inim um  requirement for the DIN test. For open porosity values between approximately 
20 and 21.5 %, i.e. for an average forming water content of 16.4 wt %, all samples passed 
the DIN test with a majority of them having very good results (above 400 cycles). A good 
agreement was also observed between some tile pieces from the works and the laboratory 
test samples and also between the tile pieces and previous frost resistance results for M R 
rose mix tiles, which were non silicone treated and gave values of 206-348 cycles before 
failure (Sclosa, 1995; Francis, 1998).
8.5. CONCLUSIONS ON DURABILITY
Firstly, two indirect assessments o f likely frost durability were made in terms of the 
water absorption coefficient and the open porosity (which necessitated the measurement of 
bulk density). The bulk density of the samples decreases linearly with increasing m oisture 
content and differences between pressing processes were marginal and within the error of 
the test. The W ABS values of the tested samples generally increased, with increasing water 
content, for a given temperature of firing. The open porosity also depended greatly on the 
water content, as it is almost linearly related to the W ABS: open porosity increases with 
increasing water content. The W ABS and open porosity values of the bars pressed in the 
RC m ould were slightly smaller than the values for the corresponding extruded bats. The 
difference in W ABS and open porosity from extruded samples to pressed bars might be 
due to changes in texture during the RC pressing, the RC pressing probably leading to a 
slightly less penetrable open pore structure. The W ABS and open porosity values o f the 
bars pressed in the RO mould were slightly larger than the WABS and open porosity values 
for the corresponding extruded bats. The RO pressing hence seems to increase the W ABS 
and open porosity compared to extruded bats. This might be due to the effect of the 
deformation of the clay on the pore structure; a large deformation might create more 
interconnected pores. Results for the RpC pressed samples varied according to the initial 
bat shape: profiled bats lead to pressed samples of the same WABS values as the extruded 
bats, flat bars lead to higher values. There seems to be no influence due to the compaction
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stage, which is probably because the deform ation acts as a competing mechanism. The 
W ABS and open porosity values of RpC pressed bars being therefore equal to or larger 
than the values of the extruded bats, depending on the amount of clay deformation during 
the RpC pressing.
However, the differences in W ABS and open porosity values discussed above were 
marginal and within the error of m easurement. No firm conclusions could therefore be 
drawn on the effect o f the pressing process. The forming m oisture content remains the 
overriding parameter, the tem perature of firing being a secondary order param eter and the 
influence o f pressing process being even less significant, if at all. M ore data would be 
needed to investigate the possible influence o f the pressing process.
The frost resistance of the pressed samples was then tested directly. The frost 
resistance generally increases with decreasing open porosity ranges, or form ing m oisture 
contents, the two being strongly related. For a given firing temperature, the frost resistance 
of the samples of the highest moisture content was poor and they failed the frost test. The 
frost resistance of the samples of intermediate m oisture content was better, but was still not 
high enough for all the samples to pass the frost test. The results were scattered around the 
limit of 150 cycles. The frost resistance of the samples of the lowest water content 
increased even more. All the samples passed the test, the majority of them passing it quite 
significantly (more than 400 cycles) but the scatter in the results was also bigger. The 
pressing processes seemed to have little influence on the frost resistance, considering the 
scatter in the results. It seems that the open porosity is the overriding param eter and that the 
pressing process has no influence for the samples of the highest m oisture content, whereas 
there might be a relatively marginal effect of the pressing process at the lower m oisture 
contents. The RC pressing might slightly decrease the frost resistance of the samples at the 
lower moisture contents whereas the RO pressing might slightly decrease the frost 
resistance of the samples at the lowest moisture content and slightly increase it for the 
samples at the intermediate moisture content. If there is an influence of the pressing 
process, it seems related to the state of plasticity of the material and to complex clay flow 
mechanisms corresponding to the different initial conditions of testing.
Overall, the effect of the initial moisture content of the green samples, or of the open 
porosity of the fired samples, was the overriding parameter. To obtain better frost resistant 
products, it would thus be advisable to press clay roof tiles from drier bats in the first 
instance, as this will greatly enhance their frost resistance.
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9 CONCLUDING REMARKS
9.1. CONCLUSIONS FROM  THE CURRENT WORK
The principal aim of this work, which was to investigate the link between pressing and 
subsequent frost resistance to examine the feasibility o f using a closed mould process to 
press tiles for the European market, has largely been achieved. Closed mould pressing 011 
the laboratory-scale has been shown to give products which are broadly equivalent, in 
durability terms, to those produced in an open mould. Hence, closed mould pressing is 
feasible but it may not be economically advantageous.
As the project had a strong industrial context, a visit was made to the Lafarge 
Couverture works in M arseille to witness tile m anufacturing with rubber lined resin 
moulds at first hand. Generally, the designs of the tiles were quite elaborate and the more 
complex the product, the m ore forming defects were likely to be produced. The flow of 
clay during deformation and flashing was believed to cause hairline-type defects at the base 
of the features by shear at the interface feature/body.
It was both impractical and undesirable to undertake an investigation using the factory 
equipment so it was necessary to design a small-scale pressing rig which could be used in 
conjunction with a mechanical testing machine within a laboratory environment. The 
works visit had highlighted the importance of tile features as potential sources of weakness 
so the laboratory test pieces had to replicate this in some way. A flat bar with two nibs was 
chosen; this reproduces the essential features of an interlock. Subject to pressing speed 
limitations, the characteristics of the pressing process in the M arseille works were 
reproduced in the bars pressed in the laboratory. Comparison of the microstructure of the 
bars and tiles showed that, although there may be differences in the structure of the 
transformed clay phase, there was sufficient general resemblance to validate the replication 
of the products.
Uniaxial pressing of cylinders was used to obtain information on the plasticity of the 
clay over a range of moisture contents and pressing speeds. Slip lines were observed on all
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samples confirming that the deformation of clay pastes during uniaxial compression tests 
occurred in planes oriented at approximately 45° to the normal pressure axis. Stress-strain 
curves from the uniaxial compression showed that the clay pastes generally behaved like an 
elastic-plastic body with a pseudo yield point and a plastic behaviour at larger 
deformations. Yielding happened very quickly after 1 % deformation. The yield stress 
increased with decreasing moisture content. The compressive yield stress had an average 
value of 72 kPa at 20.5 ± 0 .1  wt %, rising to 148 kPa at 18.7 ± 0 ,1  wt % and 233 kPa at 
16.8 ± 0 .1  wt %. The influence of pressing speed was investigated over a wider range than 
would be encountered in manufacture. It did not influence the deformation behaviour in a 
consistent way. Thus, the use of the rather lim ited cross-head speed o f the standard 
laboratory mechanical testing machine was validated. Deformation curves were similar in 
shape and the stress-strain curves were fairly flat in the plastic range. The plastic range of 
the stress-strain curves was well represented by a plastic deformation equation of uniaxial 
compression under sticking friction, although friction tests on ring samples showed that the 
friction factor at the interface between clay and rubber decreased with increasing 
deformation and was 0.4-0.6. The uniaxial compression tests allowed a semi-empirical 
modelling of the stress-strain curve, which m ight be used to approximate the clay 
behaviour in more complicated cases such as the pressing of the samples in this study and 
ultimately the pressing o f complete clay roof tiles.
Using the small-scale rig, the influence of the pressing parameters was investigated for 
three moisture contents and different geometries of bats in open, partially closed or closed 
rubber lined resin moulds at a cross-head speed of 240 mm/min. During pressing, clay was 
trapped in the features as the m ould closed and flowed mainly within the flat part of the 
samples. Flashing occurred for the open and partially closed m ould configurations. The 
forming was also dependent on the position of the bat relative to the position of the feature 
to be formed. The shape of the load-displacem ent curves was characteristic of the stages of 
the pressing processes. The stress-strain curves for the pressing of rectangular bats in open 
moulds were qualitatively in good agreement with the results from  compression. Samples 
pressed in the direction o f extrusion lead to the same stress-strain curve as samples pressed 
perpendicular to that direction. This showed that there was no significant effect on the 
deformation behaviour due to the alignment of the clay particles. Differences in the 
absolute values raised a concern over the importance of the friction on the behaviour of the 
clay during pressing. However, consistency in trends between results from the uniaxial
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compression and the laboratory pressing tests suggests that the behaviour during uniaxial 
compression may be a good indication of some aspects of pressing behaviour.
Durability testing was then carried out after both extruded and pressed samples had 
been fired. The water absoiption coefficient of the samples was strongly related to the 
form ing m oisture content. The water absorption increased with increasing water content 
and the bulk density decreased alm ost linearly. The resulting open porosity also increased 
with increasing water content. Pressing processes did not significantly influence the water 
absorption and open porosity values o f the samples.
In freeze-thaw testing, the effect of the moisture content was again the overriding 
parameter. All samples tested at 20.6 ± 0.3 wt % forming moisture content lasted less than 
100 freeze-thaw cycles and failed the DIN 52253 part 1 test which requires durability in 
excess of 150 cycles. Samples at 18.4 ± 0.3 wt % forming moisture content lasted between 
approximately 100 and 400 cycles, some failing the DIN test, others passing it, whereas all 
samples at 16.4 ± 0.3 wt % form ing m oisture content lasted between approximately 300 
and 1200 cycles, clearly surpassing the DIN test requirement with the m ajority of samples 
lasting between approximately 400 and 800 cycles. There were insufficient data to draw 
any firm  conclusions on the effect of the pressing processes but differences seemed to be 
marginal. Hence, the pressing processes tested in this study were therefore assumed to be 
equivalent in term of quality of the samples of a given forming moisture content.
From this study, it is suggested that a closed m ould process will give the same frost 
results as the current open m ould process. Thus, the only advantage to using a closed 
mould process would be to avoid or m inimise the flash recycling. This would, however, 
require the complete understanding o f the process at an industrial scale, tighter control of 
the industrial process, capital investm ent and a change in the mode o f operation of the 
factory. Furthermore, it might then still be very difficult to form classic European tile 
designs.
To obtain better frost resistant products, it would be advisable to press clay roof tiles 
from drier bats, as this will greatly enhance their resistance rather than trying to gain a 
small possible advantage by radically changing a simple and quite well known process. 
W orking from drier bats m ight also reduce the m anufacturing costs as it would require less 
energy to dry the products (depending on the efficiency of the drier). By having a better
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control on the forming water content, it m ight be possible to reduce the moisture content of 
the clay to as low as 16.5 wt % and still keep it in a workable range within the capacities of 
the machines. The only requirem ent from the reduction of shrinkage would be some new 
sets o f moulds, which is relatively easily achieved with rubber moulds.
9.2. FUTURE WORK
From  the current work, a num ber o f possibilities for further work have been identified. 
O f immediate interest would be more extensive testing of the M arseille material including 
intermediate values of water content to confirm  the conclusions from  the current study. To 
further understand the link between fundam ental behaviour and the performance of the 
products two general approaches could be taken, one further investigating the behaviour of 
the clay, the other the link between the structure of the product and the resistance to 
cyclical freezing-thawing.
A detailed study of the deformation behaviour could be achieved by investigating 
simple cases, for which the scientific analysis is easier and the knowledge from metal 
forging, for instance, could be used as a starting point. Further information on the friction 
conditions that apply when testing and pressing has also been identified as necessary. 
Experimental refinements to the pressing procedure could include an investigation of the 
evolution of the pressure conditions at the interface during the test, by using pressure 
sensors and the use of digital cameras in conjunction with two-tone bats to visualise the 
flow behaviour and obtain velocity gradients and deformation rates. A quantitative 
understanding between uniaxial and plane strain compression results would then allow the 
testing o f more complicated profiles in order to assess the influence of the features to be 
form ed on a pressed product. The long term objective would be a full understanding of the 
behaviour of the clay and the developm ent o f a model to predict the deformation during 
pressing on a laboratory-scale and to transfer the knowledge to the manufacture of any tile 
design. Ultimately, this would be applicable to clay blends other than the M arseille mix.
In parallel, the durability of the products in terms of resistance to frost cycles and the 
structure of the green and fired samples should be further investigated. M uch more detailed 
information could be obtained from porosimetry, tensile strength measurements and 
microscopy. M icrographs of green and/or underfired bodies after extrusion and after
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pressing could elucidate the evolution of particle alignments and, coupled with 
porosimetry, the nature and size distribution of the porosity could be explored. The 
observation of the wet green products would give the best understanding of the structure 
induced by the forming by avoiding the effect of the drying and firing. However, this is 
very difficult to achieve. Techniques such as low vacuum SEM observation o f wet green 
products or freeze-dried wet green products might be useful in this respect. Texture 
goniometry would be a step further in the study of particle alignments. The data from 
freeze-thaw testing could be more extensive, possibly with pictures o f the evolution of 
defects allowing specific modes o f failure to be related to the forming conditions. All these 
methods would help relate the macroscopic properties, such as durability, to the 
m icrostructure of the products.
In terms of use for the industry, the pressing with smooth rubber sheet should be 
investigated. Previous studies have shown that this was not feasible with the current 
technology. Although a reduction in m oisture content would require a less textured rubber 
sheet there is no guarantee that products will be well formed in an open mould. The use of 
closed mould technology may prove useful in such regards and, if successful, will help 
develop new markets as products are likely to have the same surface finish as products 
pressed in plaster moulds. Such considerations and the underlying economics may then 
fully justify the use of a closed m ould technology.
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